Google 



This is a digital copy of a book that was prcscrvod for gcncrations on library shclvcs bcforc it was carcfully scannod by Google as part of a projcct 

to make the world's books discoverablc onlinc. 

It has survived long enough for the copyright to cxpirc and thc book to enter the pubUc domain. A pubHc domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, cultuie and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this flle - a reminder of this book's long journcy from thc 

publisher to a library and rmally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to thc 
public and we are merely thcir custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have taken steps to 
prcvcnt abuse by commcrcial parties, including placing technical restrictions on automatcd qucrying. 
Wc also ask that you: 

+ Make non-commercial use ofthefiles We designed Google Book Scarch for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrainfrom automated querying Do not send automatcd queries of any sort to Google's system: If you are conducting rescarch on machinc 
translation, optical character recognition or other areas where access to a laige amount of text is hclpful, please contact us. We cncouragc thc 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht Goog^s "watermark" you see on each flle is essential for informingpcoplcabout this projcct andhclping thcm lind 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are lesponsible for ensuring that what you are doing is legal. Do not assume that just 
because we bclieve a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is stili in copyright varies from country to country, and we can'l offer guidance on whelher any speciflc use of 
any speciflc book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Googlc's mission is to organizc thc world's information and to make it univcrsally accessible and uscful. Google Book Scarch hclps rcadcrs 
discover the world's books while helping authors and publishcrs reach ncw audiences. You can search through thc full icxi of this book on thc wcb 

at |http : //books . google . com/| 




^ 



EXPERIMENTAL MORPHOLOGT 



'fl^^^ 



t. 



EXPERIMENTAL MORPHOLOGY 



BT 

CHARLES BENEDICT DAVENPORT, Ph.D, 

IN8TBUCTOR IN ZOOLOOT IN HARVARD UNITER8ITY 



PART FIRST 

EFFECT OF CHEMICAL AND PHYSICAL AGENTS 

UPON PROTOPLASM 




THE MACMILLAN COMPANY 

LONDON: MACMILLAN k CO., Ltd. 

1897 



Ali righU r4t4r94d 



COPTSIGIIT, 1396, 
Bt THE MACMILLAN COMPANT. 



.% 



• • • • 


• 


^« • 


•• • i 




■ • • 




• • 


• • : • 


•• 


• _ 


• • • 






• •• 


•• • 




• • 


••• 


••• t 




» • • 


• • • 


• • • 


• • • 


• • 


\ • • 






•• • 


• • • • 


• • • 


• • 


• • 


*• • « 


» • • < 


• • • • 




■ • • • «. 



Nortsooli ^fitt%i 

J. 8. Cnshliif * Go. - Benrick k Smlth 
Nonrood Mms. U.S. A. 



Y. I 

1997 



SDrUtcatrD 
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Die morphologische Betrachtung setzt also eine genaue 
chemisch phjsikalische Kenntniss, 1. des betreffenden 
Korpers selbst, und 2. aller der bei seiner Entstehung auf 
ihn einwirkendeii Stoffe und Korper voraas. — Jaeger, 
Zoologische Briefe, p. 9. 

La vie ne se con^oit que par le conflit des propri^t<Ss 
physico-€liimiques du milieu ext^riear et des propridt^s 
vitales de Torganisme r^agissant les unes sur les autres. — 
Bernard, Rapport sur len progres de la physiologie generale 
en France J 1867, p. 5. 

There can be little doabt, indeed, that every science as 
it progresses will become gradually more and more quan- 
titative. Numerical precision is doubtless the very soul of 
science, as Herachel says. — Jevons, Principles of Science, 
chap. ziii. 



PREFACE 

The problem which, since the tirne of Aristotle, bas stood 
first in interesi and importance among tbe great question8 of 
Biology is tbat of tbe causes wbich direct the development of 
the individual — tbat marvellous proeess by wbich tbe germ 
is built up into tbe complex organism, by wbieh tbe embryo 
clotbes itself with tbe characters peculiar to its species, by 
wbicb even minute individual traits of form and aetion are 
exaetly reproduced in tbe offspring from its parents. 

Tbe burden of clearing up tbis problem bas fallen, naturallj 
enough, upon tbe shoulders of students of morpbology. For 
since morpbologists deal with form, tbey are properly especially 
concerned witb the interpretation of form — they may well be 
asked to account for it. Tbus tbe problem of development is 
an aeknowledged morpbological problem. 

Several distinct steps ean be recognized in tbe progress 
whicb bas been made in tbe interpretation of form. Tbe 
earlier studies were concerned cbiefly witb answering tbe ques- 
tion, What are the differences between tbe various adult f orms ? 
The results of observations and reflections relating to tbis 
question constitute tbe sciences of descriptive and comparative 
anatoray. Next, a more fundamental inquiry was entered 
upon : ffow are tbese forms produced or developed ? The 
results of observations and reflections upon tbis subject con- 
stitute the science of comparative embryology. Finally, in 
tbese later days a stili more fundamental (jnestion bas come to 
the front : Whi/ does an organism develop as it does ? Wbat 
is tbat wbich directs the patb of its differentiation ? Tbis is 
tbe problem wbicb the new school of *- Entwicklung8mecba- 
nik" bas set for itself — it is likewise tbe problem witb wbicb 

tbis book is concerned. 

vii 
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The causes which detennine the course of an organism's 
development are numerous, but fall into two general categories ; 
namely, internal causes, which include the qualities of the devel- 
oping protoplasm ; and external causes, which include the 
chemical and phjsical properties of the environment in which 
tlie protoplasm is developing. The internal and external causes 
may be studied separatelj, and in order to disentangle their 
effects they must needs be studied separateljr. It is the pur- 
pose of the present work to consider the effects resulting from 
external causes. 

When we wish to isolate the separate effects in any complex 
of causes, we must resort to the well-known procedure of 
experimentation, — ^nd we find, indeed, that these external 
causes lend themselves readily to this method of treatment. 
Accordingly we call in experiment to get an insight into the 
causes of organic form, and thus justify the name which we 
ha ve applied to our study, — Ezperimental Morphology. 

The primary subdivision of the subject is based upon the 
morphogenic processes to be treated of ; and of these, four 
principal classes may be recognized. The first includes those 
processes which are characteristic of aH living protoplasm; 
the second, those connected with grototh; the third, those 
involved in cell-divuion ; and the fourth, those producing 
differentiation. It is proposed to devote one part of the work 
to each of these four classes of processes. • 

The secondary subdivision may be based upon the chemical 
and physical agents whose effects we wish to isolate. These 
may be grouped into eight categories, determined largely by 
convenience ; namely, 1, chemical substances ; 2, water ; 3, den- 
8ity of the medium ; 4, molar agents ; 6, gravity ; 6, electri- 
city ; 7, light ; and 8, heat. It is proposed to devote one 
chapter to a consideration of the effects of each of these agents 
upon protoplasm, upon growth, upon cell-division, and upon 
differentiation. 

Two words should be said about the point of view from 
which this book has been written. In the first plače, the 
developing organism is regarded as a living organism, and as 
such endowed with irritability and capacity of response ; con- 
sequently, at the outset, we must especially consider the phe- 
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nomenon of response to external stimuli. Again it is with 
living organisms that we have to deal, and, accordingly, no 
distinction should be made between animals and plants. I 
have, indeed, made no sueh distinction ; nevertheless, tastes 
and ttaining have led me to lay especial stress upon animals. 
Even this is unfortunate, for the problem with which we are 
eoncemed is precisely the same problem in ali living organisms. 

In the second plače, much stress is laid upon the quantitative 
measurement of agents and effects. The lack of precision in 
many investigations can hardly be too strongly decried ; for it 
often results in confusion and useless disputes. On the other 
hand, there is good reason for believing that exact measure- 
ment is the key to many of the most puzzling of our problems, 
and important results are to be expected from its use. 

As for the aim of the book, it is twofold. I have hoped on 
the one hand that it might be readable to those who are inter- 
ested in the general matters of which it treats — matters of 
importance for philosophy, for psychology, and for pedagogy. 
For man is an organism, and the development of his qualities 
is modified by just those agents which guide the development 
of other organisms. My primary aim, however, has been a dif- 
ferent one. It is this aim to which other purposes have been 
made subservient, which justifies the historical treatment that 
has been often adopted, and justifies also the detailed descrip- 
tions of methods which the lay reader will, naturally, omit. 
This aim is so to exhibit our present knowledge in the field 
of experimental morphology as to indicate the directions for 
further research. 

A few words of explanation and acknowledgment are neces- 
sary : It was planned at the first to issue ali four parts of the 
work at once ; but the task grew in the doing, while the need 
of its publication became more pressing. So it was decided 
to issue the work in pa^ts as soon as each should be done. 
Even under this arrangement it has not been possible to 
include some of the papers of the last six months ; especially 
I regret the omission of important papers by Ver\vorn and 
LoEB upon Galvanotaxis. In writing a book of this sort, 
which draws upon several sciences, I have had recourse to the 
kind assistance of several of my colleagues in the physical and 
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chemical departments of the Universitj. I must especialljr 
thank for favors Professor W. C. Sabine, Dr. G. W. 
CoGGESHALL, and Dr. H. E. Sawyer. Of my zoological 
associates, I am greatlj indebted to Dr. G. H. Parker, who 
bas read nearly the entire manuscript and has offered valuable 
criticisms on it, and to Professor E. L. Mark, who has 
read parts of the manuscript and proof and has made important 
suggestions and emendations. I am aiso greatly indebted to 
Mr. Charles Bullard for his kindness in making photo- 
graphs of figures from which most of the illustrations of the 
First Part were reproduced. Finally, I cannot forbear to men- 
tion the painstaking work of my wife, Gertrudb Crotty 
Davenport, in preparing the manuscript for the press and 
'revising the proof s. 

As I send out this work I do so with the hope that it may 
stimulate to even greater activity in the field of experimental 
morphology. The subject is new, its importance hardly yet 
generally recognized, its needs incompletely appreciated. In 
its scope it embraces much of physics and chemistry, for life 
and development are to be studied as the physicist studies light 
and heat, or as the chemist studies solutions and combustion. 
They are phenomena which must be analyzed by the use of 
instruments of precision to determine the quality and quantity 
of the acting agents, and to measure the change in the phe- 
nomena resulting from a change in these agents. No other 
field offers a better opportunity for the utilization of a broad 
scientific training. The times, too, are auspicious. Biology 
has never before attracted so many enthusiastic workers as it 
does to-day. As Driesch has said, "Die Lust an thatsiich- 
licher exacter biologischer Forschung ist erwacht"; and the 
greatest problem of morphology is ever more and more the 
object of this biological experimentation. 

* CHARLES BENEDICT DAVENPORT. 
Cambkidoe, Mass., Dec. 1, IKIG. 
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CHAPTER I 

ACTION OF CHEMICAL AGENT S UP ON PROTOPLASM 

In this chapter it is proposed to consider (I) the efEect of 
the various chemical agents upon the chemical constitution of 
protoplasm, as revealed by the results of their application, — 
death, modification of the metabolic processes, and of rate of 
movement ; (II) the phenomena of aeclimatization to chemi- 
cal agents ; and (III) the effect of such agents in determining 
the direction of locomotion, — chemotaxis. 

§ 1. Modification of Vital Actions* 

The vital processes are chemical processes, taking place in a 
highly complex, very nnstable, constantly changing substance, 
whose activities we call life. It is not ea8y to study this 
living substance chemically by the ordinary methods ; for 
these usually, first of ali, kili the substance. That the living 
substance and the dead are quite different is illustrated, for 
example, in the action of diamid (N^II^) and hydroxy lamine 
(NHj — O — H), which show no action upon dead protoplasm, 
but are powerful poisons for aH living plasm. The instability 
of protoplasm enables us, on the other hand, to make use of 

* In the preparation of this section, much use has been made of the admirable 
work of LoEw (^03). Not only is the adopted classification of poisons for the 
most part his, but also, in a few cases, passages f rom his book have been translated 
tu toto here. Most of the determinations of killing strengths of the various re- 
agenta for which no other authority is given have been taken from Loew^s book. 
B 1 
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certain indirect means for determining its constitution. Since 
death is due to chemical cLange, we ought to determine what 
substances are fatal poisons to protoplasm ; and since every 
activitjr of protoplasm is a chemical process, we ought to 
study the modifications of these processes by the action of 
varions chemical reagents. 

In studying the behavior of protoplasm in the presence 
of various reagents, we shall make use especially of observa- 
tions upon Protista, sexual cells, and tissue cells. In cases 
where sufBcient observations on isolated plant or animal cells 
are wanting, use will be made of observations upon ]Metazoa. 

At the outset, attention should be called to the nece8sity 
of a more quantitative study of the subject. A quantitative 
study demands, especially, a careful noting of the conditions 
of the experiment ; for the various physical conditions under 
which the reagent is applied modify the result. Thus, it has 
been shown, for example, by Richet ('89, p. 212) that with 
various poisons the toxic dose diminishes in amount with the 
elevation of the temperature of the body. 

1. Ozjgen. — It is almost certain that no protoplasm can 
long survive in the absence of oxygen. Apparent exceptions 
are found in the čase of the an»robic bacteria, some of whicli 
are killed in the presence of f ree oxygen, but multiply rapidly 
when the oxygen supply is cut oflf . It has been suggested that, 
in the čase of these and some other parasitic organisms, oxygen 
is deri ved from the breaking down of 0-containing compounds 
in the nutritive medium. (Cf. LoEW, '91, p. 760.) 

The eflfect of diminished oxygen upon protoplasm is described 
by Clark ('89, pp. 370, 371) and by Demoor ('94, p. 191). 
Clark determined the minimum oxygen pressure necessary for 
the vital movements of the plasmodia of Myxomycetes and the 
protoplasm of plant hairs and tissue cells. This he found to 
range from 1 mm. (plasmodia of Myxomycetes) to 3 mm. (leaf 
hairs of Urtica) of mercury. 

Demoor* subjected Tradescantia stamen hairs, in water, to a 

• In studying the efEect of a vacuum, Demoor employed a piece of apparatus 
constructed essentially on the plan of an Enoelmann^s chamber. This consists 
of a box whosc top is a ccutrally perforated metallic diaphragm and whose 
bottoni is a circular glass. The vertical walls consist of an outer cyliuder, at 
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pressure of 6 to 8 cm. of Hg, or 0.08 to 0.1 of an atmosphere 
(p. 71). In one hour, on the average, the protoplasmic move- 
ments were affected, and in most cells ceased in 2 to 8 hours, 
slight oscillations only of granules occurring, Thus, not death, 
but arrest of activitjr, occurred during this period as a result 
of reduction of atmospheric pressure — upon which the amount 
of oxygen held in the water depends. That death did not 
occur is shown by the fact that when air was readmitted at 
the normal pressure the protoplasm promptly regained its nor- 
mal activity. Cells immobilized during 24 hours regain their 
movements in less than 5 minutes, and these beeome normal in 
from 10 to 20 minutes. 

Pure oxygen acts in an opposite fashion from diminished oxy- 
gen tension, exaggerating the activity of protoplasm. Under 
its aetion the protoplasmic movements are much accelerated, 
but preserve, meantime, their normal character. (Tradescantia 
hairs, leucocytes; Demoor, '94, pp. 192, 218.) In Ciliata the 
rate of the contractile vesicle does not, however, seem to be 
•altered. (Rossbach, 72, p. 40.) 

Ozone and hydrogen peroxide produce atomistic "active" oxy- 
gen by becoming split up in the plasma. Ozone (O3) is said 
to kili quickly bacteria in water, if the latter does not contain 
too much organic substance ; in the dry state, however, bacte- 
ria are injured only slowly by it. (OhlmUller, '92, p. 861.) 

Other substances which, with a greater or less degree of 
probability, may be said to act through oxidation of the pro- 
toplasm, may be treated of here, 

Hjfdrogen perozide (H^Oj). — Paneth ('89) added one part 
of neutralized H^Oj to 10,000 (0.01%) of hay infusion, and 
found that aH Ciliata were dead within 15 to 30 minutes. 
Stronger solutions act more rapidly; and even in a 0.005% 
solution, only part of the animals survived. Algae survived 
only 10 to 12 hours in a completely neutral 0.1% solution. 
A 10% solution is fatal in a few minutes. (Cf. Bokornv, 
'86, p. 355.) 

Salu of chromic^ manganic^ pemianganic^ and hypochlorous 

the periphery of the diaphragm, and an inner cylinder at the inner margin of 
the diaphragm. An inlet and an outlet tube commiinicate with each of the 
spaces, — the central space and that between the two cjlinders. 
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acids act as intense poisons, apparentlj by directly yielding 
oxygen atoms to the plasma proteins. 

Sodic chr omote (NajCrO^). — Many anaerobic Schizophytes 
are killed even by a 0.05% solution of this salt. Splenic fever 
bacteria do not develop in a 0.05% solution in bouillon; in 
an agar-agar solution, they do not cease to develop until a con- 
centration of 0.5% is reached, although they no longer produce 
spores in a 0.05% solution. Sodic chromate also acts strongly 
on algse. (Lofew, '93, p. 16.) 

Potassic dichromate (K^Cr^O^). — A 0.1% solution kills algae 
(Spirogyra) in a few hours. 

Potassic permanganate (KMnO^) is an energetic poison for 
algse and Infusoria. A 0.2% solution kills Infusoria (Para- 
meeium) in one minute. 

Chlorine, bromine, and iodine, as well as hypoclilorous acid 
salts, act, even in very considerable dilution, fatally upon 
ali organisms, by splitting water, forming hydro-halogen com- 
pounds, and leaving the oxygen to unite with the living proto- 
plasm. The action of bromine upon glucose may be written — 

C«H„06 + Br, + HjO = CeHuO; + 2 HBr. 

glucose. 

(LoEW, '93, p. 15.) 

BiNZ has pointed out that (on Infusoria) the poisonous 
action of these three halogens, like their other chemical prop- 
erties, diminishes with increase of atomic weight, in the series* 
Cl, Br, I. (Compare the osmotic effects of the halogens, p. 72.) 

Potassic chlorate (KCIO3) — also similar salts of I and Br — 
oxidize8 in an essentially difEerent fashion from the permanga- 
nates. For the latter oxidize even dead organic matter, but 
the former does not. This reagent may be considered a pas- 
sively oxidizing one. Concerning its visible efifects, we tind 
that bacteria in general are injured by a 2% solution; with 
weaker solutions in nutrient media the bacteria reduce it to 
KCl. The anaerobic forms are aflfected by a 0.5% solution; 
the aerobic withstand up to 3%. Algae (Spirogyra) die after 
a few days in a 0.01% solution of the salt. (Loew, '93, p. 17.) 

Arsenious acid (HgAsOg) and to a less degree arsenic acid 
(HgAsO^) are poisons which BiNZ and Schulz ('79) believe 
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to act by oxidizing the protoplasm. Thus H3ASOS can take 
up free oxygen as it would be foiind in water, and it can part 
with it readilj to the protoplasm, thus oxidizing and eventually 
wholly consuming it. Such is one theorj of its action. A few 
words as to efEects upon Protista: Infusoria survive in 0.1% 
potassic arsenite in spring water only a short tirne, but live 
for weeks in a 0.1% solution of the potassic arsenate. (Loew, 
'83, p. 112.) Algae (Spirogjra) are killed by a 0.1% solution 
of potassic arsenite in six days, — the protoplasm contracts and 
shows formation of granules, the death of the chlorophyll bands 
preceding that of the cytoplasm. The same solution of potassic 
arsenate, meantime, shows no injurious action, (LoEW, '87, 
p. 445.) Stili other arsenious acid salts tried upon other algce 
(Zygnema, Diatomacea), upon Infusoria, and upon tadpoles 
showed themselves, uniformly, more powerful agents than the 
corresponding arsenic salts. The lower fungi are only slightly 
affected by arsenious salts; not at ali by those of arsenic acid. 

2. Hydrogen. — KUhne ('64, p. 52) subjected Amoeba to H 
for 24 minutes. At the end of that time, some individuals 
had assumed a spherical shape, others appeared unchanged in 
form, but were motionless. Similar results were obtained with 
Actinophrys, the plasmodium stage of Myxomycetes, and with 
the stamen hairs of Tradeseantia. 

Demoor ('94, p. 190) also experimented upon the latter 
object, and his results are worth giving in detail.* During 
the first moments of the passage of the gas, the protoplasmic 
movements are slightly accelerated. Soon the protoplasm be- 
comes very granular, and, after a variable time, 15 to 40 minutes, 
is quiet. The aspect of the protoplasm at this time varies 
with the character of the celi. If it is young, having a large 
nucleus and without a primordial utricle, the protoplasm ap- 
pears uniformly granular. If, on the contrary, the celi possesses 
a great reserve of water, with long, protoplasmic filaments, 
the protpplasmic granules become more refringent, increase in 
volume, and accumulate around the nucleus, — the peripheral 

* Method : The hydrogen gas may be generated in a Kipp^s apparatus, and 
sbould pass through a series of wa8hing flasks containing, e.g.^ solutions of potash 
and acetate of lead. See Verworn : Allgemeine Phy8iol., p. 285. Demoor 
kept his stamen hairs in sugared water in an Enoblmann^s cliamber. 
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protoplasm appearing hyaline. The living substance is in 
repose. The hydrogen may be passed through the apparatus 
containing the stamen hairs for from 1 to 5 hours without any 
movement or other ehange appearing in the protoplasm. Air 
is now admitted. The protoplasmic movements rapidly return ; 
the granules at first oscillate in their places, then gradually 
extend the range of their movement. In 5 to 6 minutes the 
celi has regained ali of its anatomieal and physiological charac- 
ters. A similar immobility affects also leucocyte8 subjeeted to 
hydrogen. This oecurs in about an hour; but there is great 
individual variation in this respect. Upon substituting air, 
the activity of the protoplasm is resumed in from 10 to 20 
minutes. Protoplasm whieh has been subjeeted to the action 
of hydrogen thus appears not to be permanently modified, since 
normal movements recur rapidly upon readmitting air. It 
seems probable, therefore, that the temporary cessation in move- 
ments in the presence of hydrogen is due to the exclusion of 
oxygen from the protoplasm. 

3. The two Ozides of Carbon, COg and CO, have very dif- 
ferent effeets upon protoplasm. Thus Demoor ('94, pp. 191, 
202, 219) found that whereas the former immobilizes quickly, 
but kills very 8lowly, perhaps chiefly by asphyxia, the latter 
seems in some cases actively to attack the protoplasm. In 
leucocytes, the ectosarc is separated from the endosarc in a 
number of eompletely hyaline fragments ; the endosarc becomes 
vacuolated, and death ensues in from 20 to 60 minutes. Many 
bacteria are only slightly affected by CO. 

4. Ammonia (NH3). — A 10% solution provokes vacuoli- 
zation, partial coagulation, and irregular movements in the 
protoplasm of the Tradescantia hair. The celi finally enters 
into repose, aH the granules accumulating around the nucleus. 
Washing the preparation with water restores the original char- 
acters of the protoplasm. Thus, ammonia at first energetically 
€xcites protoplasm, later producing ansesthesia. (Demoor, '94, 
p. 193.) Even with very weak aqueous solutions (0.005%), 
which do not kili the protoplasm, Bokoknv ('88) has observed 
the production in Spirogyra cells of granules, which process 
does not, however, seem to modify the normal activities of the 
celi. These granules, " proteosomes," are intensely blackened 
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by alkaline (0.001%) sil ver solutions. Other basic substances, 
like potash and organic amine bases, and various alkaloids, 
produee the same eflfect. (Cf. Loew and Bokornv, '89.) 
Azoimid. — LoEW ('91) has studied the effect upon proto- 

plasm of this somewhat close ally of ammonia, || y NH. The 

poisonous action of this substance seems to depend upon its 
exeessively unstable strueture, for it easily disintegrates with 
violent explosion and produetion of ammonia. This latter 
then produces the characteristic granulations. Infusoria are 
killed in 2 to 2^ hours by a 0.1% solution of NjNa, and the 
water-living Nematodes, Planaria, Ostracoda, Copepoda, and 
young Planorbis and Lymn8ea are killed by a 0.05% solution in 
30 to 40 minutes. Algse are more resistant. 

5. Cataljtic Poisons. — There is a large number of unstable 
C-compounds which are neither acid nor basic nor characterized 
by chemical energy, which are, nevertheless, intense poisons 
for ali living cells. Here belong the anajsthetics — ethylether, 
chloroform, chloral, carbontetrachlorid, methylal, alcohols, car- 
bon disulphide, etc.* 

Nageli believes these to act as poisons by virtue of an in- 
herent lively condition of molecular movement, which disturbs 
thei normal condition of movement in the living plasma body, 
and, on that account, produces death. LoEW believes, more 
precisely, that the transmitted condition of violent movement 
leads to chemical transformations in the unstable albumen of 
the protoplasm. 

As examples of the efEect of the mere presence of many un- 
stable carbohydrates upon chemical processes, it has been found 
that HCl and prussic acid, which unite alone only at a high 
temperature, unite in the presence of various ethers at —15**. 
Again, the mere presence of some C H compounds transforms a 
substance into its isomeric condition. Thus, thiourea is trans- 
formed by an alcoholic solution of amylnitrite into its isomer 
rhodanammonium. Such poisons, which change the protoplasm 
by transmission of molecular movements, may be called cata- 

* This paragraph and the two foUowuig are largely translated from Lobw 
C»3). 
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Ijrtic poisons ; the process which they inaugurate being known 

as cataljrsis (apparently produced by mere contact). 

FirSt will be considered the laws of relation betiveen molecvlar 

compositian and strength of actian. We may begin with the 

methan series. This series, which has CH3 — as its base, runs 

as f ollows : — 

CH4 

In the members of this series, tJie poisonotis action increases 
up to a certain limit, wtth the number of C atoms ; above that 
limit the compounds are more stable and are more indifFerent ; 
e.g, paraffine (Cj^H^^ to CjjHg^). 

Beginning witli methan, CH^, we find this substance — marsh 
gas — innocuoua when mingled with air. As the H atoms become 
replaced by one or more chlorine atoms^ the poisonous giuilities 
increase^ — 

CHgCl is slightly anaesthetic, 

CHCls = chloroform, 

CCI4 is very dangerous, stupefying involuntary muscles. 

If the H atoms are replaced by any other halogen, — e.g. I, — 
anaesthesia is produced among some Vertebrates. Thus, 0.5 to 
1 grain of CH^Ig kiUs a rabbit. 

In ethan (C^Hg) also, when Cl replaces H, the substance be- 
comes a more active poison ; e.g. CjHgClg, methal chloroform, 
acts like chloroform. 

Also, among the sulphur hydrocarbons we observe the same 
fact of increase of poisonous action with increase in the number 
of Cl atoms to the molecule ; thus, — 

sulphur ethyl, CjHj— S— C2H5 is a weak poison. 

monochlorsulphurethyl, C2H5— S— CaH4Cl is a stronger poison. 
dichlorsulphurethyl, C2H4CI — S — C2H4CI is a very powerf ul poison. 

In the more complex sulphonic hydrocarbons of the methan 
series, where the alkyls CHg— , CgHg— , etc, are introduced, 
the rule holds that the more atoms in the alkyl the more active 
the substance as a poison; thus, — 
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CH3V /S0,CH3 

/ C ^ is not poisonous ; 

CH,/ \SO,CH, 

CHjv /S0,C,H5 
sulphonal : yC{ is poisonous ; 

CH3/ \S0,Cj^5 

CH3V /SOAH5 
trional : yGC is poisonous ; and 

tetronal : y(^C ^^ more poisonous. 

CA^ \SOAH5 

The same holds f or the acetals ; thus, — 

yC^ is half as active as ^C v 

h/ \0.CH3 CH3/ \0.Cj^5 

We find the same thing in the ethyl group, — 

CH,\ C^3\ 

CH3— C - OH is less active than CH3— C - OH. 
CH3/ CH3/ 

trimethalcarbinol. dimethalethjlotrbiDol. 

And also in the alcohols, — 

methyl aleohol, GH3OH, weak action ; 
ethyl aleohol, CjHjOH, weak action ; 
isopropyl aleohol, C3H7OH, stupefying. 

A few word8 now conceming the morphological changes ob- 
served in protoplasm subjected to the action of poisons belonging 
to this group. Here belong especially the various anaesthetics. 

Chloroform and ether seem to aflfect aH protoplasm auses- 
thetically, that of the higher plants as well as that of the 
higher animals. (Bernard, C, 78, and Elfing, F., '86.) 
KiJHNE ('64, p. 100) first studied the effect of chloroform vapor 
upon Tradescantia hairs, but Demoor ('94, p. 193) has since 
described the action of this reagent in much more detail. 
\ chloroform water at first (2 to 5 minutes) produces a very 
intense excitement in the movements of the protoplasm, a 
strong vacuolization occurs, and then the cytopla8m gradually 
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becomes immobile and dies in from 15 to 30 minutes. The 

nucleoplasm is less energeticj^lljr acted upon than the cjrto- 

plasm. Upon 8warm-spores, which are highljr responsive to 

light (p. 182), weak solutions of ether and chloroform have 

sucb an efifect that without preventing locomotion they destroy 

the power of responding to the stimulus of the external agent. 

So, too, the migrations of the chlorophyll in Metaphjrta * under 

the influence of light (see p. 189) is prevented. Ciliata are 

slightly paralyzed, for the period of the contractile vacuole is 

diminished. The whole celi body becomes distehded with water, 

and the trichocysts are exploded. (Schurmayer, '90, p. 453.) 

When chloroform water is slowly applied to leucocytes they 

acquire a spherical form ; when quickly applied they become 

immobile without change of form. The first effect is a very 

intense increase in movements, especially of the ectosarc. 

Ultimate washing in serum suffices to restore the leucocyte 

to its wonted activity ; so that it has not been killed, but only 

anaesthetized. (De^ioor, '94, p. 217.) 

/OH 

CJdoral hydrate^ CClg — C — OH, which is clo8ely related to 

\h 

chloroform, Cl — C — Cl, acts similarly as a protoplasmic anses- 

\h 

thetic. A 0.1% solution kills Infusoria, Rotifera, and diatoms 
in 24 honrs, but filamentous algse and Nematoda withstand it. 

Sulphonal in 0.1% solution is less injurious than the pre- 
ceding, since during 24 hours the above-mentioned organisms 
are uninjured. (LoEW, '93, p. 25.) 

Upon the effect of alcohols on protoplasm, extended experi- 
ments have recently been made by Tsukamoto ('95). These 
reveal in much detail the peculiarities of action of the different 
kinds. I give three tables showing the time of resistance in 
hours of various organisms to the various alcohols, constructed 
from data furnished by his paper. 

• Elfino, F. ('86, pp. 47-61). The 8wann-spores employed belonged to the 
species Chlamydomoiias pulvisculus. The strengths of the solutions which 
mhibit their response witliout stopping locomotion are : of ether, 1% to 6% ; of 
chloroform, 12% to 25%. The migration of chlorophyll in Mesocarpus is in- 
hibited by a 1% to 2% eUier solution. 
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TABLE I 

TlHB (in HoURS) OF ReSMTANCB OF TaDPOLES OF BUFO VULOARIS, LaUB. 
(HiND Lb08 HAD JU8T APPEARED) TO VaRIOUS AlCOHOLS 



Stkcjtotus. 



• • • • 



methylic 

ethylic 

propjrlic, norm. . 
propylic, iso. . . . 
butyUc, norm. . . 
butylic, iso. . . . 
butylic, tertiary. 
amylic, norm. . . 
aUylic 



0.01% 


0.1% 


0.3% 


0J5% 


0.7% 


1.0% 


1.5% 


2.0% 














0.3-0.8 














stapor 


0.16 








0.6 


0.3 


0.16 












0.5 


0.2-0.3 


0.16 








1.0 


OJ06 
0.15-0.25 


0.05-0.15 
0.15-0.33 


0.05-0.26 










0.2-0.6 














4-5 


lJS-2.0 















«^% 



0.07-0.3 



TABLE U 

Time (in Hours) of Resistance of Infusoria and Ostracoda to Various 

Alcohols 



Stbsmoths. 



methylic 

ethylic 

propylic. norm. . 
propyUc, iso . . . 
butylic, norm. . . 
bntylic. iso . . . 
batylic. tertiary. 
amylic. norm. . . 
allylic 



0.005% 


0.1% 


0.5% 


1.0% 


8.0% 










20 










4 








72t 










18 








48 


18 








72 


48t 
48+t 






24 + 


24 






24 











* The stnictoral formolas of these alcohols are given here f or reference : — 

methyUc H - CH,OH 

ethylic CH, - CHjOH 

propylic, norm CHj . CHj - CH,OH 

propylic, iso (CH,), - CHOH 

butylic, norm CH» . CH, . CH, - CHjOH 

butyUc, iso ^^»>CH-CH,OH 

butylic, tertiary ^?!»>COn-CH, 

V/llt 

amylic, norm CH, . CHj . CH, . CH, - CH,OH 

allylic CH,.CH-CH,OH 

t Ostracoda only ; the Infosoria died after 18 hoan. 
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TABLE III 

TiMB (in HoUBS) OF RB8I8TANCB PbRIOD OF SpIROOTBA CoMKUKIS TO 

Vabious Alcohols 



Stbskoths. 


0.005% 


0.01% 


0.05% 


0.1% 


OJi% 


1.0% 


2.0% 


8.0% 


4.0% 


methylic 

ethylic 

propylic, norm. . 
propylic. iBO. . . . 
butylic, norm. . . 
butylic, iso. . . . 
butylic, t6rtiary. 
amylic. norm. . . 
aUyUc 


66 


72 


24 


24 


72 
96 

24 


72 
48 
48 
48 
48 


120 
72 


96 
72 


48 
48 



From these experiments it appears that allylic alcohol is more 
injurious than the others, so that Tsukamoto ('95, p. 281) 
believes it to attack the protoplasm directljr rather than to act 
mereljr catalytically. We see also that the rule enunciated 
above about the greater activity of substances with more com- 
plex alkyls holds true in general. Of the butylic alcohols the 
normal is the most poisonous ; the tertiary, least. 

Carbanic disulphide (CS2) is one of the more powerful cata- 
lytic poisons. A saturated aqueous solution, which contains 
only a trace of CS,, nevertheless kills quiekly algae, bacteria, 
and the lower water animals. (LoEW, '93, p. 29.) 

6. Poisons which form Salts. — This is the third group recog- 
nized by LoEW. In this čase we ha ve to do with acids and 
bases which nnite with the protein substances of the pro- 
toplasm-producing salts. Thus disturbances leading to death 
are produced. In addition this group eomprises the poisonous 
metallic salts. So we may recognize three groups: a, acids; 
i. the soluble mineral bases ; c. salts of heavy metals. 

a. Acids, — The strong inorganic acids act, in general, more 
powerfully than the organic. Most bacteria, algae, and Infusoria 
are very sensitive to inorganic acids (see Migula, '90), but 
splenic fever bacteria resist 1% HCl for 24 hours, and their 
spores 2% HCl for 48 hours. Mold withstands 1% phos- 
phoric acid. Certain tissues have gained a high resistance 
capacity to inorganic acids. Thus, the gland cells of marine 
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Gastropoda (Dolium, Cassis, Tritonium, Natica heros) secrete 
2% to 3% HjSO^. (LoEW.) 

To organic acids many algsB are little resistant. Thus Spiro- 
gjra and Sphaeroplea die in 0.1% malic or tartaric acid after 
30 minutes ; in 0.05% malic or tartaric acid after 24 hours ; in 
0.01% of these same acids in a few days. Formic acid pre- 
vents development of bacteria even in small percents — 0.05% 
to 0.006%. On the other hand, some protoplasm has acquired 
a resbtance to organic acids. The vinegar eel — Rhabditis 
aceti — lives in 4% acetic acid. The protoplasm of the Dro- 
sera tentacle resists 0.23% tartaric, citric, and other organic 
acids. 

b. Soluhle mineral baaes^ including those of corrosive alkalies 
and the alkaline earths : Ca, Ba, and Sr. The corrosive alka- 
lies cause a swelling of the protoplasm, but the primarjr effect 
is rather a chemical one. (Cf. Fromann, '84, p. 90.) 

The lower water animals and plants are quickly killed by 
0.1% potassic or sodic hydrate. Thus, the movements of 
Chara cease in 0.05% KO H in 35 minutes. Bacteria are more 
resistant ; the limit for the typhus bacilli being between 0.10% 
and 0.14%, and for the cholera bacillus, between 0.14% and 
0.18%. Ascaris is stili more resistant, living for 20 minutes 
in a 2% solution of NaOH. 

CaO is stili more powerful. A 0.007% to 0.025% solution 
in bouillon kills bacilli. A 0.013% solution is fatal to algaB 
like Spirogyra. 

KjCOg kills bacteria in 0.8% to 1.0% solutions. 

Na^COg kills Ascaris in a 5.8% solution after 5 to 6 hours. 
(LoEW, '93, pp. 33, 34.) Fromann has discussed the histo- 
logical changes in protoplasm after treatment in NajCOg. 

It is difBcult to say whether the action of some of these re- 
agents may not be an osmotic, rather than a chemical one. 
The action of NajCOg, for example, as described by Fromann, 
is very similar to that of NaCl, whose action is probably solely 
osmotic. 

C. Salts of Heavy Metals, — The method of action of these 
poisons has been accounted for upon the following grounds: 
\Vhen amido-acids (which are found as disintegration products 
•of aH animal tissues) are treated with salts of the heavy metals» 
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the hydrogen in either the carboxyl-group or the amido- 
group can be replaced by the metal. Likewise the hjdrogen 
of the amido-group in urea derivatives and many bases are 
replaceable by metals. In the stili more complicated protein 
stuffs the H bound to the N or O can be replaced. Many 
metals, indeed, like silver or mercury replace preferably the H 
of the amido-gi*oups, and on this account, perhaps, their salts 
are especially poisonous. (LoEW, '93, p. 34.) 

Salts of Hg, Ag, and Cu cause death to Spirogyra even in 
a dilution of 1 : 1,000,000 ; the chlorophyll bodies being first 
affected.* Upon the bacteria of splenic fever the double 
cyanide8 of Ag, Hg, and Au are the most injurious, next those 
of Cu, Pb, and Zn, and, finally, those of Pt, Ir, and Os. Tad- 
poles and Tubifex are killed in 24 hours by solutions of CuSO^ 
weaker than 0.00005%. (Locke, '95, p. 327.) Among mer- 
curic salts, splenic fever bacteria do not develop in 0.0003% 
HgCl^ in nutritive bouillon, nor 0.0125% in blood. Lactic acid 
bacteria do not reproduce in 0.0007%. Mold spores are killed in 

* In thia connection reference mast be made to the posthumous paper of 
Nageli ('93), "Ueber oligodjrnamische Erscheinungen in lebenden Zellen.'* 
This author found that water distilled in copper vessels or 1 litre of water in 
which 12 clean copper coins had stood for four days acted fatally upon Spiro- 
gyra. The water was found in one such čase to contain 1 part Cu in 77,000,000 of 
water. It wa8 believed to be in solution in the form of the hydroxyd (CuHjOj). 
Similarly produced solutions of other metals, Ag, Zn, Fe, Pb, Hg, had a simi- 
larly fatal effect upon Spirogyra. Nageli believed that the effect of the metals 
wa8 not a chemical one, but wa8 due to a new force — " oligodynamic/* Besides 
the fact of the action of very dilute solutions, the only evidence he adduced for 
the new force wa8 based on the difference of action on the chlorophyl bands of 
solutions of 1 : 1000 or 1 : 10,000 and 1 : 10,000,000. In the weaker solutions 
(** oligodynamic ** action) the bands alone were drawn away from the cell-wallf 
in the stronger solution (chemical action) the whole peripheral protoplasm was 
slirunken away. It does not seem neces8ary to invoke a new force to explain 
the action of weak solutions: first, because the two actions are not sharply 
separatcd, according to Nageli*s own data ; 8econdly, because the chlorophyll 
bands are in general more sensitive than the rest of the protoplasm (p. 6) ; 
and, thirdly, because the action of so weak a solution is not surprising in view of 
the fact that Spirogyra is one of the least resistant of organisms. Even in a 
comparatively resistant organism, like Stentor, a solution of 1 : 80,000,000 IlgCls 
produces acclimatization to the poison and 1 : 10,000,000 has an injurious effect. 
Yet betvveen the action of such solutions and those of 1 : 1000 there is a complete 
graduation in increasing effect. (Seep. 30.) Even in Nageli^s ezperiments 
solutions of less than 1 : 100,000,000 had little action. 
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0.1%. Neal and I liave found that Stentor coeruleus is killed 
by a 0.001% solution HgCl^ in a few seconds. (Cf. p. 30.) 
Ascarids die in a 0.1% solution in an hour. (Schrodeii, '85.) 

Silver salts occasionallj act upon bacteria more energetically 
that those of Hg. Cadmium and zine salts are poisonous — tlie 
former more so than the latter. Thus, whereas 0.015% of cad- 
mium sulphate inhibits reproduction of lactic acid bacteria, 
0.1% of zine sulphate is not injurious. Many salts of thalliuni 
are like\vise active. Thus LoEW ('93, p. 37) found that in 
0.1% thallium sulphate Spirogyra died in 4 to 6 hours. 

7. Substitution Poisons. — In this group Loew places cer- 
tain nitrogenous substances which attack the amido and alde- 
hyde groups of living protoplasm. These are extremely unstable 
substances and may therefore be transformed by agents wlucli 
have no effect upon dead protoplasm. The supposed method 
of action of a poison upon an aldehyde may be illustrated in 
the čase of the poison hydroxylamine (H^N — OH); which 
justifies at the same time the term ^^substitution poisons. '* 

R-Cf -f H, = N-OH = R-Cf +HA 

\h \h 

•nj aldehjde. hjrdrojjUmine. ta aldoxim. 

nydroxylamine, — This is a general and powerful poison. 
Thus, among the lower organisms, a solution of neutral hy- 
droxy lamine of — 

0.001% kills diatoms within 24 hours. (Loew, 'S5\ p. 623.) 
0.005% kills in 36 hours Infusoria which withstand a similar con- 

centration of strychnine. (Loew.) 
0.01% kills diatoms in something less than 15 hours; Planaria and 

leeches in 12 to 16 hours. (Loew.) 
0.1% paralyzes the muscles of Rotifera in 10 to 15 minutes ; thoso 

of Nais in 20 to 30 minutes. (Hofer, '90, pp. 324, 325.) 
0.2% kills Rotifers, Copepoda, and Isopods in 1 hour (L<)KW); 

stupefies Vorticella in from 2 to 10 minutes. (Hufek, 

'90, p. 325.) 
0.25% stupefies Stentor in 10 to 20 minutes. (Hofeb.) 

Bemenylamidoxim and acetozim^ more complex derivatives of 
hydroxylamine, are somewhat less poisonous. 
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Diamidj or hydrazin (H^N — NH^) in the form of neutral 
Solutions of the sulphate is a rapid poison. A solution of — 

0.01^ kills various alga species in 1 to 2 dajs. 

0.02% is injurious to bacteria. 

0.05% kills various water animals within 12 hours. (Loew, '93.) 



./ Phenylhydrazin 
solution of — 



>N-NH. 
H / 



is more powerful. A 



0.0067% kills Infusoria and algse within 18 hours. 

0.05% prevents the development of bacteria and mucors. 

As free ammonia (NHg) is a far weaker poison than diamid 
(HjN — NHj), so anilin (C^HgNHg) is far weaker than phenyl- 
hydrazin (CeH^ . NH . NH^). 

Passing now to the more complex nitrogenous compounds, 
we find, first, that bodies which possess slight or no poisonous 
power, and contain tertiary N, can become strong poisons by 
addition of H and formation of imido-groups (t.e. groups which 
can be derived from ammonia by the substitution for two H 
atoms of bivalent acid radicals) ; thus, — 



pjridin (weaker poison). 

/HC = HC\ 



/CH, - CH,\ 

ch/ )NH 

\CHj - ch/ 

piperidin (stronger poison). 

/H,C - HjC\ 

ch/ )nh 

Ndh, - ch/ 



CH 

/ \ 

CHg CHj 

eollidin (weak). 



CH, 



CH, 

I 
CH, 

coniin (violent). 



In the preceding and the two following cases it is seen that, 
in general, when there is a hydrogen atom of the amid radical 
(NHj) unreplaced by an alkyl, the substance is poisonous. 
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Onlt buohtlt Foibohodb. 

C<P»-CH = N\ 

_/CH — C4H5 
C,H, - CH = N/ 

hjdrobenaunid. 

/CH = CH\ 

pjrldin. 



VlOLENT P0ISOK8. 






CH 

I 
C 



NH\ 



— C»Hj 



kmarla. 



CH = CH\ 
I >H 

CH = CH^ 



pyrrol.» 



This increased poisonousness, correlated with the presence 
of H joined to N, may be accounted for by the union of 
this H with the O of the ketons or aldehjdes of the living 
substance. 

Likewise when one or more H atoms of the amido-group 
are replaced by an acid radical (e.g. that of acetic acid, 
CO.CH3), the poisonous qualities of the substance are con- 
siderablj diminished ; thus, — 



More Poisonous. 
CH^H, 

anflin. 

CeHaNH.NH, 

phenjibjdnuiii. 



HN = 

goAnldln. 



c<f''^' 

^NH, 



Lkss FoiSOIfODS. 

C^,NH . CO - CH, 

antillBbrln.t 

C,H,NH . NH . CO . CH, 

pjrrodln. 

HN = CC 

\nh.co.nh, 

dicjniidiamkllo. 



In like manner when, in an imido-group, the H (of the NH 
radical) is replaced by alkyls {e.ff. CH3), the substances become 
less pobonous ; thus, — 



* While a 0.07 % solution of pyiTol kills Uopods, Rotifers, Planaria, etc., in 
about 1 hour, these organisms withstand a solution of pyridin of the same 
strength. (Loew, *87, p. 444.) 

t SchCrmater (*90, p. 445) finds ttiat upon Ciliata (Carchesium) a 0.1% 
solution 8llghtly accelerates at first the action of the cilia, diminishes the rate of 
suocession of the phases of the bontractile vacuole, and leaves the protoplasm 
permanently more or less paralyzed. 

C 
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NH-CH 


N.CHg- 


-CH 


1 II 


1 


II 


CO C - NH 


CO 


C-N.CHg 


1 1 "^CO 
NH-C = N ^ 


1 

NH - 


1 ^C0 
C = N / 


xanthin. 


thoobromine. 



N.CH,-CH 
I II 

CO C-N.CH, 

I I ^CO 

N . CH, - C = N / 

coffeln. 

are successiveljr less poisonous. (Loew, '93, p. 46.) 

H 

I 
While benzol \ | is rather inactive, 8 grammes 

h/^^Nc/^^Nh 



H 
per day being withstood by the human organism, with the 

replacement of the H atoms by OH the substance becomes 

more poisonous in direct proportion to the nnmber of H 

atoms thus replaced. (LoEW, '87, p. 440.) Thus there fol- 

low in order of poisonousness : — 

H H H 

I I I 

HC/ \c-OH nC^ \c-OH HO-c/ \c-OH 

I • I 11 I • I 

HCv •CH HCv •CH HCv yCH 

\c/ \c/ \c/ 

I I I 

H OH OH 

phenol (iDonoxybenzole). resordn (dlorjbenzole). phlorogladn (triozybeiizole). 

Phenol (or carbolic acid) and its derivatives attack unstable 
substances, especially aldehjdes, forming insoluble products. 

Phenol itself produces in the higher animals a paraljsis of 
the nerve centres. Alga) die in a 1% solution after 20 to 30 
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minutes; in a 0.1% solution after 3 dajs. Infusoria die ^ 
quickly in a 1% solution. Ascaris lives only 8 hours in a 
0.5% solution. 

Mesorcin (0.5 g.) is hjpnotic to man; 0.085 g. per kg. is 
fatal to dogs. Its isomer — pp'ocatecliin — is more active. 
0.1% of it in spring water kills diatoms and Infusoria after 
a few minutes, and filamentous algsa in a few hours; while, 
with resorcin, Infusoria, diatoms, and green algaB live several 
hours — even as long as 18 hours. 

By replacing one of the H atoms of phenol by COOH (or 
carboxyl), thus producing 8alicylic acid, the poisonous qualities 
are reduced. 

Hydrocyanic Acid^ CNH. — The action of this substance is 
peculiar in that, aeting on the central nervous system, it is 
in small quantities a more violent poison for Vertebrates than 
for Invertebrates. Hydrocyanic acid acts upon aldehydes — 
in dilute solutions upon the most unstable compounds only ; in 
stronger concentration upon ali aldehydes. Its peculiar work- 
ing may be hypothetically explained by assuming the aldehydes 
of the ganglion cells to be more unstable than those of other 
cells, so that traces of CNH which do not injure other cells 
destroy quickly the nerve cells. (LoBW.) 

The action may be shown by the equation, — 

Rv R\ /CN 

;C = O -f CNH = )C— OH. 

h/ h/ 

Aldehjde. 

The degree and variety of its action may be inferred from 
the following data, taken from Loew C93): Infusoria die 
quickly in a 0.1% solution, but Ascaris resists a 3% solution 
for 75 minutes. The resistance of the hedgehog to CNH is 
remarkable ; five times the dose which killed, in 4 minutes, a 
cat weighing 2 kg. produced in the hedgehog only a sliglit 
sickness. A myriapod (Fontaria) excretes CNH when irri- 
tated. Certain salts of CNH act as poisons ; e.g, (CN)3Hg, 
Na,Fe(CN)5N0. 

Hydric nUphide acts as a poison either by deoxidizing the 

plasma, 

^ H^ + = H,0 + S, 
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or by acting on the aldehjrdes, 

Rv Rv 

)C = O -f H,S = )C = S -f H,0. 

h/ h/ 

It acts rather energetically upon algse and Infusoria. In Ver- 

tebrates, the central nervous sjstem is attacked and the oxy- 

hemoglobin of the blood is altered. 

Sulphurous oxide (SOj) attacks members of the aldehjde 

ffroup, — 

Rv Rv /SO3K 

">€ = O -f SO3KH = )C— OH 

h/ h/ \h 

aldehyde. 

• 

0.1% kills lower fiingi in a few minutes, 0.01% in a few hours. 
SelenouB oxide (SeOg), which acts chemically much like SO3 
and has a much greater molecular weight (64 : 111), acts less 
energetically as a poison. A 0.1% solution kills SpirogyTa 
and Zygnema in 3 hours, while 0.01% is scarcely injurious. 
Tellurous. oxide (TeOg, mol. wt. = 157) is non-poisonous, 
although chemically closely allied to the two preceding. 

(BOKORNV, '93.) 

Aldehyde8. — The poisonous action of these substances de- 
rived from oxidation of alcohol is dependent upon their insta- 
bility. So we find that an aldehyde, which, like grape sugar, 
is f airly stable, is likewise non-poisonous ; while f ormaldehyde, 
which is very unstable and active, is correspondingly poisonous. 
Aldehydes attack especially the unstable amides, affording ni- 
trogenous compounds ; e.ff. — 

CeHs . NH2 -f CH2O = CeH^NCH^ -h H^O. 

Now, even in passive albumens, part of the N is in the form 
of amido-groups ; for, in treating with nitric acid, much nitro- 
gen is set free, wliich would not occur were aH of the N second- 
arily or tertiarily bound up. (LoEW, '93, p. 58.) Hence the 
poisonousness of aldehydes for living albumens. 

Formaldehifde. — This substance (II — CH : O) acts upon 
propeptones and upon albumen, affording compounds which are 
not readily soluble. An aqueous solution of — 
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0.01% is fatal to bacteria. 

0.05% kills worms, inolluscs, and isopods in 2 hours. (Loew, '88, 

p. 40.) 
1.00% kills Spirogyra very qmckly. (Cohn, '94, p. 5.) 

A weak solution seems to act anaestheticallj upon Noctiluca. 
(Massart, '93, p. 65.) 

When various radicals are substituted in H — CH : O, the 
substance acts more like a catalytic poison. Thus, ethyl- 
aldehyde (CHg — CHO) is anaesthetic ; and paraldehyde 
(CH8-CHO)8 kills algffi in a solution of 0.002% in 24 
hours and causes protoplasm to become immobile either (leuco- 
cytes) after momentary stimulation (Demoor, '94, p. 218) or 
(Noctiluca) at once (Massart, '93, p. 66). 

Several derivatives of ethylaldehyde are poisonous. LoEW 
('93, p. 60) has shown that in a 0.1% solution of the neutral 
sulphate of NHj — CH^ — CH : (OCjHg)^ amidoacetal, Infu- 
soria, and diatoms die within 15 hours, and, somewhat later, 
filamentous algže. 

Nitrous acid^ as is well known, produces, even in great dilu- 
tion, OH-compounds from amido-compounds (R — NHj) ; or 
else, under certain conditions, especially with aromatic amido- 

« 

compounds, diazo-compounds result ; e.g. — 

CH, . NH, + HO . NO = C»Hj . OH + N, + H,0, 

amlD«. alcohol. 

and 

C«H, . NH, . HNO3 -h HO . NO = CeH, . NjONO, -h 2 H,0. 

anlline nitrate. dUuobenz«ne nitrate. 



Thus a solution of 0.001% of free nitrous acid is poisonous 
to algic, and more so than ni trie acid. The lower fungi are 
also very sensitive to nitrous acid. Its action as an acid is 
weak, so that its salts are set free in the presenee of even the 
weaker organic acids. On this account, even neutral nitraten 
kili such plants (some algic, e,g, Spirogyra) as have an acid 
cell-sap. 

8. Sodic Fluoride. — The poisonous action of the fluorides 
of the light metals, and especially sodium, has not hitherto 
been explained. A 0.2% solution of NaF kills various algiu 
(Oscillaria, Cladophora, (Edogonium, diatoms) within 24 hours. 
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producing a change in size of the nucleus. (LoEW, '92.) A 
1% solution kills the nerves of a frog in 2 hours. 

9. Special Poisons. — Toxic Protein Compounds. Little need 
be said here concerning the recent discoveries of poisonous 
albuminoids excreted by disease-producing bacteria, or of those 
secreted by the parasi tized body (alexines) . Similar compounds, 
highly poisonous to Vertebrates, have been extracted from the 
seeds of some Phanerogams, e.g. ricin, from the seeds of Rici- 
nus eommunis (castor-oil bean); abrin, from the seeds of the 
leguminous Abrus precatorius, L. ; and phallin, from the toad- 
stool Agaricus phalloides, Fr. Finally, in this group may be 
placed a large nnmber of protein substances derived from 
animals, which are more or less poisonous to a greater or 
smaller number of kinds of protoplasm. The poison of the 
rattlesnake (Crotalus) and of the cobra (Naja) is fatal to 
Vertebrates in small, hypodermically injeeted, doses. Hydra, 
Turbellaria, Rotifera, and Crustacea are also affected by it; 
but Infusoria and Flagellata are apparently unaffected. (Hei- 

DENSCHILD, '86, p. 330.) 

It is important that, aceording to the experiments of several 
investigators, among the earlier of whom may be mentioned 
Daremberg ('91) and Buchner ('92), the various species of 
Vertebrates possess protein substances in their blood serum 
which are to a certain extent injurious to other species, since 
the blood serum of any one species will destroy the red and 
white blood corpuscles of another. The poisonous action of 
these animal protein substances seems to be due to their un- 
stable character, whereby they easily form unions with the 
unstable groups of the protoplasm, frequently producing 
thereby violent poisons which work as substitution poisons. 
(LoEW, '93, pp. 81-84.) 

Alkaloids. — These basic, nitrogenous compounds have, f or 
the most part, very complex molecules, so that their structure 
has, in many cases, not been determined. Consequently the 
nature of their chemical action upon protoplasm is, in general, 
unknown. 

LoEW suggests ('93, p. 85) the following theory of action of 
alkaloids. The bases unite with the active protein substances 
of the celi, and thereby introduce a disturbance of equilibrium 
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in the plasma body — a dbtnrbance which is especiallj mani- 
fest in their action upon the protoplasm of ganglion cells. The 
capacitj of this union is influenced by various factors : by 
the configuration and degree of dilution of the poison ; by the 
degree of instability of the kind of protoplasm acted upon ; 
by the configuration of the molecule of the aetive protein 
substance in the cells ; and by the specific (micellar) structure 
of the plasma body. That organic bases can unite with aetive 
albumen is known from observations upon plant cells contain- 
ing stored-up aetive protein substances. If the configuration 
of the albumen molecule and the general texture of the pro- 
toplasm favor the attack by the base, a disturbance of the 
equilibrium of the protoplasm will result, even in considerable 
dilution of the poison. 

The alkaloids affect chiefly the nervous tissue in the higher 
animals, producing, in some cases, paralysis ; in others, increased 
activity. Thus, curarin is paralytic in its action, while the 
closely allied strychnin is (in dilute solutions) stimulating 
upon nerve cells. Since action is almost confined to nerve 
tissue, additional evidence is afforded of the extraordinary 
instability of the nervous protoplasm. 

The dissimilar effect of an alkaloid upon the different sub- 
stances constituting nerve protoplasm gives an idea of the 
complexity of the latter. Thus, an alkaloid may stimulate 
nerves with certain functions to increased activity, and may 
reduce nerves in the same body, having other functions, to 
depression and paralysis; e,g. nicotin excites sensory nerves, 
and depresses the activity of the cardio-motor nerves. 

It is important that many of these alkaloids act also upon 
Protozoa and the lowe8t plants, in which nervous substance is 
stili undifferentiated. Other of these alkaloids, however, do 
not act upon Protista. 

We will n©\v proceed to an examination of the action of the 
principal vegetable alkaloids, arranged according tO the 8ys- 
tematic position of the plants from which they are obtained. 

Nicotin. — The effect produced bv nicotin is directly pro- 
portional to the different iat ion of nervous substance ; thus, it 
is almost inoperative on Protozoa and Actinia. Hydra is not 
very sensitive, 0.5% being a fatal dose. A solution of 0.05% 
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causes Medusse to become quiet in 30 minutes, and is fatal to 
the earthworm in a few hours ; Echinoderms are paralyzed by 
a 0.05% solution in 30 minutes ; Palaemon (after temporarjr 
stimulation) is paralyzed by a 0.01% solution in 30 minutes ; 
Sepiola is killed by 0.005% in less tlian a minute. (Green- 
WOOD, '90.) 

Veratrin^ Atropin, and Cocaine act upon Vertebrates so as 
to excite the central nervous system at first, and then to 
paralyze it. AH act, however, as poisons upon undifferenti- 
/ ated protoplasm (Protozoa). Thus, Rossbach ('72) found 
that when Ciliata were subjected to veratrin chloride and 
to atropin sulphate, a peculiar rotary movement took plače 
about one end as a fixed axis. Then imbibition of water 
with great vacuolation of the protoplasm occurred. Later, 
the contractile vacuole f ails to contract, and protoplasmic 
movements cease a few seconds after. (Cf. KI^hne, '64, 
pp. 47, 65, 100.) 

Cocaine is apparently a benzol derivative, closely related, 
chemically, to atropin. Its formula is thus given: — 

CH 

I 
HjC CHj CH, 

I I L>C0.CeH5. 




CH3 ^C-COO.CH« 



Its action upon Protista has been studied by Chaepentieb 
('85), Adduco ('90), ScHURMAYER ('90, pp. 438-448), Al- 
BERTONi ('91, p. 318), Danilew8KI (*92), and Massart 
('93, p. 66); upon sexual cells, by O. and R. Hertwig ('87, 
p. 159) and Albertoni ('91, p. 309); and upon tissue cells 
by Albertoni. The result has been to show that cocaine 
first stimulates for a very short time to excessive activity, and 
then stupefies and paralyze8. With the paralysis, a strong 
vacuolation of the protoplasm occurs, since the excretory func- 
tion of the contractile vacuole is inhibited (Schurmayer, '90, 
p. 439). Cocaine acts 8imilarly upon the nerve centres and 
muscles of the more differentiated animals. 
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Morphin acts less violentlj upon the nervous tissue of Ver- 
tebrates. It has a very weak action upon Protista, 

Strychnin^ chemicallj considered, is an alkaloid with the 
formula: C^iHjjNjOj; specific gravitj, 1.359 at 18°; soluble 
to about 0.025% in water at 14.5**; has a very bitter taste. 
The nitrate is generallj emplojed. The action of strjchnin 
upon Protista is known through the studies of Max Schultze 
('63, p. 32), BiNZ ('67, pp. 384-389), Rossbach (72, pp. 
52-54), and SchDrmaver ('90, pp. 423-433). Krukenberg 
('80) has studied its effects upon higher Invertebrates. Its 
action upon sexual cells has been studied by the brothers 
Hertwig ('87, pp. 153-156, 164). 

Although not f atal to bacteria and only in strong solutions 
fatal to the large fungi, strychnin is a nearly universal proto- 
plasmic poison. It kills the protoplasm of the Drosera ten- 
tacles and hinders the development of peas, com, and lupines. 
The amount of strychnin that Protozoa can withstand has been (^ 
yariously stated, while ali authors admit considerable individ- 
ual variation in this respect. Probably Protozoa cannot ordi- 
narily resist a saturated solution for one minute. Rossbach 
('72, p. 52) found that no infusorian of his cultures survived 
a "0.1% solution" long enough to be placed under the mi- 
croscop^. A 0.02% or 0.01% solution can be withstood for 
a few minutes (0.01% solution was withstood for 5 minutes, 
Schurmater). As for the weakest solution that will kili, 
SchCrmaver found that a Paramecium resisted for only 15 
to 20 minutes so weak a solution as 0.0005%, while Rossbach 
found Stylonychia little affected by a 0.0055% solution. The 
spermatozoa of Echinoids, according to the Hertwigs ('87, 
p. 164), so resist a 0.01% solution that after 180 minutes the 
movement is only somewhat retarded. Echinoid eggs are in- 
jured in a few minutes by 0.005%. 

The injurious action of strychnin on Protozoa varies in the 
different groups, the resistance capacity increasing, in general, 
with the height of systematic position of the group. The 
first effect in Ciliata is an increased activity of the cilia; if 
cirri are present, these strike more powerfully; locomotion is 
abnormally rapid ; but the moveraents lack coordination, and 
a rotation takes plače about the axis of progression. Next, 
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the movements become so disorganized that locomotion is im- 
possible, despite accelerated cilia-motion. Finally, the move- 
ments suddenly cease, death intervening. (Schurmayer, '90, 
pp. 423-426.) The process of exeretion seems to be especiallj 
affected. Immediately after the addition of a 0.02% solution, 
the contractile vesicle inereases to f rom 4 to 10 times its normal 
diameter, and loses its spheroidal form. In a slightly greater 
dilution, 0.014%, the contractile vesicle momentarily constricts, 
but in diastole gains twice its normal diameter, and the tirne 
between phases of contraction is greatly increased. Thus, the 
normal rate of contraction for Euplotes at 15° C. is between 
80 and 85 seconds ; but in a 0.014% solution of strychnin 
this is diminished to 1 in 500 seconds. Frequently, several 
vacuoles are formed, and, eventually, the whole body becomes 
greatly vacuolated, and death intervenes. (Rossbach, '72, 
pp. 52, 53.) Many higher organisms are not very sensitive 
to strychnin. Thus, Ascaridae ha ve a considerable resistance, 
which ScHRODER ('85, p. 307) ascribes to their not opening 
their mouths in the solution, the poison being thus obliged 
to pass through the skin. So, too, snails were found by 
Krukenberg ('80, p. 100) to be very resistant to strychnin. 

Curare^ or urare, is an alkaloid, derived from Strichnos 
species. The commercial substance is very variable in com- 
position. NiKOLSKi and Dogiel ('90) have studied the effects 
of this drug upon various organisms. Upon adding a few 
drops of a 0.8% solution of curare to water containing an 
amoeba, the first effect is a shrinking towards a spherical form 
and a cessation of aH movements. Subsequent wa8hing in 
water ultimately restores the normal movements. As is well 
known, it paralyzes also the protoplasm of the nerve endings. 

Quinine^ or chinin (C20H24N2O3). — The "sulphate," which 
is first produced in the process of extraction, is commonly 
employed. This is, moreover, more soluble than the pure 
alkaloid, 1 part dissolving at 9.5° in 788 parts of water. In- 
vestigations on the action of this poison upon protoplasm have 
been made especially by BiNZ in a series of papers beginning 
with '67; by Rossbach ('72) on Protozoa; by ten Bosch 
('80) on leucocytes; by O. and R. Hertwig ('87) on sexual 
cells; and by Krukenberg ('80) on higher Invertebrata. 
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Amoeba, Actinophrys, and various Infusoria are killed by a 
0.1% solution in a {ew minutes, and leucocjtes and eggs of 
Echinoids are paralyzed even by a 0.005% solution. Its action 
is thus more powerful than that of strjchnin. The proto- 
plasm at first contracts, then gradually dissolves and streams 
away. Upon the higher animals, quinine so acts as to paralyze 
the central nervous tissue (in Mollusca, Krukenberg, '80, 
p. 10), and it affects the cerebrum and heart ganglia of 
mammals. 

Antipyrin^ or phenyldimethylpyrazolon, is an alkaloid de- 
rived f rom and belonging clearly to the benzol type, in which 
one atom of H is replaced by a complex atom-group, as may be 
seen f rom the formula — 

yCHv HO C~CH, 

HC^ ^HC I I 

I I OCv yN-CH, 
HCv yC ^N^ 

The effect of this agent upon Protozoa has been studied by 
ScHtJRMATEB ('90, pp. 434-437) and Massart ('93, p. 64). 
A solution of 0.1% aeting for 80 minutes, caused Oxytricha 
at first to move more rapidly, but eventually to become 
transformed into a shapeless mass, whose protoplasm disinte- 
grates. Aeting upon Noctiluca, a 0.25% solution causes a 
bright glimmer immediately after applying, f ollowed by dark- 
ness again. Thus there is here a momentary hyperesthesia. 



§ 2. ACCLIMATIZATION TO ChEMICAL AGENTS 

It is clear that the protoplasm of different organisms is dis- 
similar. We see this in the different reactions to the same 
chemical agent. Not only is the reaction of the various spe- 
cies unlike, but individuals of the same species from different 
localities differ widely. (Cf. LoEW, '85.) 

We are, naturally, most familiar with this phenomenon in 
the čase of man. Thus, the common North American poison 
ivy (Rhus toxicodendron) produces, in some persons, extensive 
inflammation in parts which have come even indirectly in con- 
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tact with it ; while, by other persons, it may be taken into the 
mouth with impunitjr. 

The phenomenon shown by man is found in other animals 
also. Thus, among Invertebrates, although few bacteria can 
resist 1% Na^COg, and even the extremely resistant Ascaris 
lives only 5 to 6 hours in a 5.8% solution of this salt, LoE\v 
('77, p. 137) has found in Ovven's Lake, California (an alkaline 
water containing among other things 2.5% NajCOg), numerous 
living Infusoria, Copepoda, larvoe of Ephydra, and molds. 
Again, the vinegar eel, Rhabditis aceti, lives in a 4% solution 
of acetic acid, although this strength is usually fatal ; e.g. a 
0.23% solution of acetic acid kills the tentacles of Drosera, 
(Darwix, '75, p. 191.) 

What is true of the whole organism is true also of its parts. 
The gland cells of some marine Gasteropoda (Dolium, Cassis, 
Tritonium, Natica heros) secrete HgSO^ of a strength (2% to 
3%) vvhich is fatal to most protoplasm; the myriapod Fontaria 
excretes, when irritated, the extremely poisonous CHN; and, 
according to LoEW ('87, p. 438), the plant Oxalis produces 
potassic oxalate, which is a violent poison to most protoplasm. 

One general law of high resistance is worthy of notice: an 
organism which produces an albuminoid poison is strongly 
resistant to that poison. Thus, Fayker ('74) has shovvn that 
venomous serpents are not destroyed by the secretion of their 
poison glands when it is injected into them ; and Bourne 
('87) has shovvn that scorpions are not injured by their own 
venom. 

An explanation of the f acts of varied resistance capacity is 
lirst gained through experiment. We ali know that, among 
men, a high resistance capacity to a poison may be acquired by 
taking a small quantity of it at frequent intervals. Thus, 
users of tobacco, alcohol, and various alkaloids become, in tirne, 
capable of taking, without apparent injury, quantities which 
would at first have proved fatal. Arsenic eaters may eventu- 
ally swallow without injury four times the ordinarily lethal 
dose, i,e. as much as 0.4 gramme. (BiNZ and Schulz, '79.) 

Results similar to those observed in man have been obtained 
by experiment upon other animals. Thus, Sewall ('87) 
inoculated a pigeon hypoderniically with sub-lethal doses of 
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rattlesnake poisou (Crotalophorus tergeminus). While no 
uuacclimatized pigeon could resist 1 drop of a 6.8% solution of 
venom in glycerine, pigeons inoculated with at first weak, then 
gradually increasing solutions, came at last (after 178 dajs) to 
resist 4 drops of the gljcerine venom mixture. Likevvise Kan- 
THACK ('92) succeeded in acclimatizing two rabbits and a hen 
to serpent^s venom. 

Very similar are the experiment8 of Ehrlich ('91). Tliis 
investigator fed white mice (wliich are killed by ^ of their 
weight of a 0.0005% solution of ricin, hypodermically in- 
jected) upon food cakes soaked in a weak solution of the poison. 
Aft^r feeding them for a varying length of tirne upon constantly 
increasing solutions, he determined the maximum solution 
which, hypodermically injeeted, they would witlistand. If \ve 
call the maximum solution which the uuacclimatized organism 
will withstand our unit of immunity, we can express the degree 
of iramunity of the acclimatized organisms by the strength of 
solution (expressed in terms of that unit) which they can resist. 

The following table, taken from Ehrlich's paper, 8hows 
the gradual increase of immunity as a result of feeding on the 
poison : — 

TABLE IV 



No. or £zpxmiMS!CT 
Dat. 


Stkknotu op 
Last Doss oivbm, 

IN MO. 


NUMBSB OF InDI- 

VIDUALB SXPni- 

MENTBD OV. 


MAXi>irii I^r- 

JSCTSD SOLITIOIC 
BORNE, %'S. 


Dbobkb op 
iMMUNmr. 


IV 


4 


8 


i Die in 
"1 0.0005 


1 


V 


5 


16 


0.0007 


1.3 


VI 


6 


23 


0.0066 


13.3 


VII 


7 


5 


0.005 


10 


viir 


8 


18 


0.01 


20 


X 


12 


9 


0.02 


40 


XII 


20 


3 


0.033 


66.6 


XV 


50 


1 


0.05 


100 


XVIII 


80 


4 


0.1 


200 


XXI 


80 


1 


0.2 


400 



Thus after the first 4 or 5 davs the immunity rapidly in- 
ereased; so that, while the solution of ^ o o^O O O ^^^^ normal 
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mice, those acclimatized during 21 .days resist j^^ to ^^, 
occasionallj ^^, corresponding to a grade of immunity of 200 
to 800. 

By fundamentally similar procedures Calmette ('94) has 
rendered rabbits immune to the action of strong doses of the 
venom of Naja tripudians (cobra) and of Pelias berus. 

Stili more recently Marmier ('95) has isolated a toxin 
produced by antlirax bacteria reared in a peptone-glycerine 
solution. Inoculated into an animal sensitive to anthrax, 
this toxin produces, in certain doses, death by cachexy. By 
employing suitably graduated doses, liowever, one can obtain 
immiiiiity of the organism to anthrax, as one does to the venom 
of serpents. 

Some attempts to produce acclimatization in lower organisms 
have been made by Dr. H. V. Neal and myself. Stentor wa8 
employed as the object of experimentation. We reared two 
lots of Stentors under similar conditions except that Lot 1 wa8 
cultivated in water and Lot 2 in 0.00005% HgCl^. After the 
lapse of two days both were put into a killing solution of 
0.001% HgCl^, and the second lot was found to snrvive longer 
than the first. The mean resistance period to the killing solu- 
tion of the lot reared in water was 83 seconds ; of that reared 
in 0.00005% corrosive sublimate, 304 seconds. Similar results 
were obtained in other experiments. In Fig. 1 a curve is 
given showing the relation between strength of culture solu- 
tion and period of resistance. From this curve, based upon 
132 determinations, it appears that the resistance period varies 
directlt/ with the strength of the solution in which the protoplasm 
has been cultivated, 

This law holds good, however, only within certain limits. 
If the culture solution is too strong, above 0.0001%, the 
organism will be weakened by it so that it cannot resist the 
killing solution so long as those reared in water can. 

A similar effect of heightened resistance to quinine is ob- 
tained by cultivating organisms in quinine. 

Experiment shows that a slight increase of the resistance 
period foUovvs subjection to the culture for one hour only; and 
that the degree of acclimatization varies directly as the tirne 
of subjection. 
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The facta obtaiued by ua clearly indicated, tben, tbst, witbout 
selection, — for no deatlis occurred in our oulture solutions, — 
the protoplasm msj become modified merely by subjection to the 
poison, so as to gain an increased resistance to it. Hecce 
*the aoclimatizatioiis tbat we find in nature need not have 
been brougbt about by natural selection — mutt have occurred, 
indeed, even without selection, if the organisms had been 
graduallj subjected to their environnient. 
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We did not determine for how long a tirne the acclimatized 
Protozoa retiiined their heightened resistance capacity. The 
only data we have upon the subject of persistence of accUma- 
tization is derived from studies on Vertebrates. 

Thus it is the familiar experience of arsenic eaters that, after 
they have broken off their habit, the body doea not quickly 
return to a normal condition. Even after a considerable period 
of self-denial the taking of large doses may be recommenced — 
must be recommenced, indeed, or illness sets in. 

Ehbuch ('91) bas studied ezperimentally the phei 
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o£ acclimatization to ricin. Mice wliich had gained an immu- 
nity o£ over 200, and were then kept for 6.5 months on normal 
food, had stili a resistance, although not precisely determined, 
certainly far above 50. 

It is an important question : Is an organism acclimated to 
one poison tliereby rendered more resistant to poisons in gen- 
eral, or only to the specific poison to which it has been accli- 
mated? Ehrlich found that mice acclimated to ricin were 
j ust as sensitive to abrin as the normal animals, and the same 
is true, mutatis mutandis^ for mice which resist abrin. 

Concerning the changes in the protoplasm brought about by 
acclimatization little is known. 

Ehrlich ('91) and Calmette ('94) have shown that in the 
blood of the immunized animal a substance, antitoxic to the 
specific substance employed, is produced, and this apparently 
prevents the action of the strong poison by transforming its 
molecules. The antitoxic substance is of such a nature that 
when blood containing it (from an acclimatized animal) is 
injected into an unacclimatized one, the latter becomes immune 
to the poison. 

For Protista another hypothesis is admissible ; namely, that 
the weak solution of the poison, which is used in acclimatiza- 
tion, gradually destroys those compounds upon which the 
strong solution would have acted suddenly and, therefore, 
fatally. The gradual destruction is not fatal because of its 
8lowness. At the same time it prevents the violent action of 
the strong poison, since it leaves it nothing to be acted upon. 

The parallelism between the results of experiments upon 
acclimatization to poisons and those upon immunization through 
vaccination, leads to the suspicion that, at bottom, the two 
processes are closely akin. 

§ 3. Chemotaxis 

ENGELMAjm ('81) seems to have been the first to show that 
the direction of locoraotion of simple protoplasmic masses is de- 
terminable by chemical agents in the environment. He found 
that Bacterium termo is thus acted upon by oxygen which is 
not uniformly distributed. Like many Infusoria, these bacteria 
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gather at the margin of the cover-glass, where oxygen is more 
abundant than elsewhere. If oxidized blood is introduced 
under the cover-glass, they move toward it, but not toward 
blood containing much COj in plače of oxygen. If green 
alg<e are introduced, the bacteria move towards them so long 
as they, nnder the influence of sunlight, are producing oxygen. 
In the dark the alga) have no eflfect. 

During the decade and a half which have elapsed since En- 
gelmann'8 first paper appeared, chemotactic phenomena have 
been observed among nearly aH kinds of motile organisms and 
with reference to the most diverse kinds of chemical substances. 
Engelmann ('82) has studied the chemotactic movements of 
diatoms ; Stahl ('84), of Myxomycetes ; Pfeffer ('84, '88), 
of plant spermatozoids, zoospores, Flagellata, Infusoria, and 
bacteria ; Aderhold ('88), of Euglena viridis ; Verworn 
('89, p. 107), of Cryptomonas ; Stange ('90), of zoospores and 
M}'^omycetes ; and Massart ('91), of Spirillum, Heteromita, 
and Ciliata. 

Within the last five years a voluminous literature has grown 
up on the medical side relating to chemotaxi8 in leucocyte8 and 
pathogenic bacteria. Into this literature we cannot penetrate 
deeply, but refer to some of the principal papers : Leber, '88 ; 
BucHNER, '91 ; RoEMER, '92 ; Metschnikoff, '92. 

It thus appears that chemotactic phenomena show themselves 
among ali the groups of lower motile organisms : Rhizopoda 
(Myxomycete8), FLigellata, Ciliata, bacteria, diatoms, zo- 
ospores, and spermatozooids. It can hardly be questioned that 
the phenomena 8hown by these organisms are of the same order 
as those seen in Metazoa — in those ants which Lubbock ('84, 
p. 233) has shown to move from chemical agents (essence of 
cloves, lavender water, and other scented stuffs), saturating a 
camers-hair brush placed about \ inch above tlielr path ; and 
in the larvic of flies \vith vvhicli Loeb ('90, p. 70) has experi- 
mented. Loeb foimd that these crept towards a piece of llesh 
brought nearer to them than the distance of 1.5 cm. Even just 
hatclied larvie (which had therefore never been stimulated by 
meat) reacted in this way. Not meat only, but a trace of meat 
juice on glass attracted the larvaj stronglv. Whilc decaving flesh 
and cheese allure, neither fat, asafcetida, nor ammonia do so. 



34 CHEMICAL AGENTS AND PROTOPLASM [Cn. 1 

Returning now to the simple organisms, let us consider the 
kinds of chemical substances which incite to a response. 

Oxygen is for almost aH organisms a means of attraction. 
Various methods of demonstrating this have been used. Thus 
Stange ('90, p. 139) filled capillary tubes with pure oxygen, 
under an air-pump, and brought them to the water containing 
zoospores, which then penetrated into them. 

The aggregation of zoospores and bacteria to the edges of 
the cover-glass, to the open end of a capillary tube (Adebhold, 
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Fio. 2. — a. Coraer of the glasa slip covering a drop of liqaid containing SpiriUnm 
and Anopliry8, sliowiDg their aggregation witli reference to the aerated boond- 
ing film of the drop. b. An air-bubble in the drop, 8howing aggregation of the 
organisms about it. (From Massart, '91.) 

'88, p. 314), or to an enclosed air-bubble, are well-known phe- 
nomena. (Cf . Massabt, '91, p. 159 ; Vebworn, '89, p. 107 ; 
and see Fig. 2.) 

Engelmann ('94) has employed a stili more refined method 
of studying attraction towards oxygen. A drop of foul water 
is put on a glass slide with an alga celi in the centre, and is 
covered by a cover-glass whose edges are hermetically sealed 
by vaseline. The bacteria are uniformly distributed in the 
water, moving in a lively manner, since they gain oxygen 
ever3rwhere. If the slide thus prepared is kept in the dark, 
the oxygen is gradually consumed and the bacteria become 
quiescent, showing no distribution with reference to tlie cen- 
tral chlorophyllaceous body (Fig. 3). 

If the slide is now exposed to the light, oxygen is produced 
by the alga and a regular distribution of the bacteria in two 
distinct regions — in a mass around the central alga, and in a 
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peripheral zone — is apparent (Fig. 4). The peripheral zone 
contains bacteria vhich are beyond the tactic action of the 
oxygen. The central masa of bacteria have emigrated from 
what is now a clear ring between the centre and th^ peripheral 
zone. If the Ught be temporarilj cut off, the central bacteria 
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noB. 3-Sa. — BacUriKsnrToniuliiigui Klg»le«ll. Fig. 2 8hows the nnlforni dlMribn- 
tlon ot the bkcteiia when tha drop □( water ia kept Id the dark. Fic. 3 shoirs the 
mggrepitloD of the bacteria towanlB the ilgal celi whea thU has emltted oxyKeD 
mpidljr In the ationg light lor two miDutee. Fig. 4 Bhows the ume prepantlon 
shortl; sfter tbe llght hu been cut off. Fig. S thoin the ume prepsration vhea 
a fklnter light ii uoir perniltt«d to tali upon the green ceU. UagniUed &l]uut 170 
dlamet«TS. (FMin Bniieliu.nn, "Si.) 

begin to disperse (Fig. 5). If, a minute after, a dim light be 
let through, the radius of its activity will be relatively sniall. »o 
that a central aggregation will be fouiid aud ulso an inner 
peripheral zone, comprising those dispersiiig central bacttiria 
which are not affected by tlie small oxygen tension resiUting 
from the dim light (Fig. 5a). 
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Inorganic Salts. — Pfeffer* ('88, p. 601) tried various salts 
of potassium; viz. chloride, phosphates, nitrate, sulphate, car- 
bonates, chlorate, ferrocyanide, and tartrate, and found that 
ali attracted various bacteria (B. termo, Spirillum undula), 
and the flagellate Bodo saltans with greater or less strength, 
vvlien the solution in the capillary tube contained 0.1% K. So, 
likewise, various salts of sodium, rubidium, cffisium, lithium, 
ammonium, calcium, strontium, barium, magnesium, especially 
the chlorides, were employed. AH of these solutions at a 
concentration of 0.5% exhibited a marked attractive influ- 
ence upon Bacterium termo ; a weaker one, upon the two 
other species. 

Stange ('90) experimented with the aetion of various phos- 
phates upon zoospores of a Saprolegnia belonging to the ferax 
group of De BARY.f Sodic, ammonic, lithic phosphate, calcic 
phosphate held in solution by COg, as well as phosphoric acid 
were employed and found to act attractively. Other salts, 
KNOg, K2SO4, KCl, HKCOg, BaClOg, SrCOg, MgSO^, had 
either a negative or indifferent aetion upon the zoospores. 

The attractive aetion of the phosphates is correlated with 
the f act that phosphates are abundant in the muscles of insects. 
The f ollowing table shows the effect of the diflferent streng^hs 
of solutions of four phosphates upon zoospores of Saprolegnia. 
In this table, constructed from Stange, the symbol r indicates 
repulsion ; O, no aetion ; a, attraction ; a^ indicates a slight 
attraction ; aj, a strong attraction ; a^r^^ an attraction whicli 
is partly balanced by a repulsion due to density, so that the 

* The method emplojed by Pfeffer in his experiments wa8 as follow8 : 
Glass capillary tubes with a lumen of from 0.03 to 0.14 mm. diameter and a 
length of 7 to 12 mm., apd sealed by fusion at one end were employed. To fill 
the capillary tube, it was placed in a watch-glaBS containing the experiment solu- 
tion, and the whole was placed in a vessel from which air wa8 pumped. Under 
the diminished atmospheric pressure, 2 to 4 mm. of fluid entered the capillary 
tube ; the rest of the tube contained air, which kept the fluid oxidized. After 
rinsing, the f ree end of the tube was plunged into the drop culture, whence the 
solution diffused out. 

t The species were cultivated upon carcasses of flies thrown into glasses fiUed 
with bog water. After good colonies were obtained, the carcasses were wa8hed, 
to rid of Infusoria. Such colonies may be employed to infect sterilized flies* 
legs placed iu sterilized bog water, or they may be transferred directly to wound8 
in flies^ legs. 
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organisms pass only into the first part of the tube ; a^rp such 
a balancing of the opposing forces that the organisms stand 
before the mouth of the capillary tube. 



STusiaTR or SoLmo5. 


SODIC DiFBOft* 
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(HN«,P04V 


P0TAB8IC MOHO- 

rnoArHATB 
(HjKPO*). 


AmioiiirM Pho*- 
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(H,NH4P04?). 


Phosphokic 

Arin 

(H,IH\V 


0.8 to 0.4 ... ■ 
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Vj 
Vi 

«1 



«1 
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0.4 to 0.08 . . 
0.08 to 0.04 . . 
0.01 to 0.02 . , 
0.02 to 0.008 . 
0.008 to 0.004 . . 
0.004 to 0.002 . . 






Vi 



«1 




It will be noticed that the various substances produce dif- 
ferent effeets in the same strength of solution ; and it is 
interesting to observe (a point to whieh further reference will 
be made) that the strength of solution required to produce a 
given response is roughly proportional to the molecular weight 
of the substance employed. 

Inorganic acids and hydride9 seem, in general, to act repul- 
8ively, but phosphoric acid is an important exception to this 
rule. Dewitz ('85, pp. 222, 223) states that mammalian 
spermatozoa are attracted by KHO. 

Organic Compounds. — Alcohol, in grades between 10% and 1%, 
acts repulsively towards bacteria. Glgcerine is neutral to the 
same organisms and to zoospores of Saprolegnia. (Stange, '90.) 
The $ugar$^ etc, dextrose, milk sugar, dextrin, act attractivelv 
upon Bacterium termo in 10% or weaker solutions. Many or- 
ganic aeids are among the most attractive reagents. It \vas with 
malic acid that Pfeffer ('84) tried his earlier fundamental 
experiments upon the spermatozoids of ferns. The attraction 
exerted is very great, so that a capillary tube of 0.1 to 0.14 mm. 
calibre, containing a 0.05% solution of malic acid, attraots 
from a drop of water fuU of spermatozoids at the rate of 100 
individuals in one hour. Even a 0.001% solution acts chemo- 
tactically. Now, malic acid is of very \vide distribution amonj^r 
plants, and it occurs in the fern prothalli upon which the sexual 
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organs arise, so that it seems probable that it occurs in the 
mouth of the archigonium, and that by its presence sperma- 
tozoids are attracted toward8 the egg celi. 

Stange ('90, p. 155) has experimented much more fully 
with the aetion of organic acids npon zoospores of Saprolegnia 
and upon myxamoebae. To the former, acetic acid (0.01%) and 
tartaric acid (0.0125%) act attractively. Upon the latter, stili 
other acids were tried ; butyric, lactic, and valeric acids cause 
response in concentrations between 0.2% and 4% ; malic acid, 
betvveen 0.5% and 4%. Other attracting acids are : propionic, 
citric, tartaric, and tannic. Acetic acid repels the amoebae of 
^thalium, its repellent aetion being about equal to the attrac- 
tive aetion of an equal amount of butyric acid. 

Nitrogenous Oompounds. — Urea^ asparagin^ kreatin, taurin, 
hypozanthin, carnin, and peptone have been f oiind by Pfeffer 
('88) to exert an attractive influence, especially in the čase of 
the reagents italicized. 

Benzol Derivatives. — Pfeffer found that sodium salicylicate 
and (commercial) sulphate of morphine are clearly attractive to 
Bacterium termo in 1% solutions. 

From the foregoing list of organic compounds whose eflfect 
upon Protista has been tested by Pfeffer and Stange, it 
appears that except alcohol and sometimes acetic acid, none 
acts repulsively, and that glycerine alone is neutral to aH proto- 
plasm. It is further true that we do not find here any strict 
relation between the chemotactic aetion of a substance and its 
advantage to the organism. Substances which have a nutri- 
tive value for the organism, such as glycerine has for bacteria, 
may be wholly neutral, while solutions which act fatally, like 
1% sodic salicylicate and 1% morphine, attract. In the same 
way, many of the organic salts which act attractively cannot 
be considered as of importance to the organism. On the other 
hand, as already pointed out, the attraction of most Protista to 
oxygen, of Saprolegnia zoospores to phosphates, as well as the 
cases of attraction of bacteria (Pfeffer, '88, p. 605) and of fly 
larvse (Loeb, '90, p. 79) to meat extract, and of Myxomycetes 
to bark extract (Stahl, '84 ; Stange, '90), is advantageous. 
Cheniotaxis is, therefore, in some cases, a response to the 
stimulus afforded by substances which can be employed by 
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the organism as food ; under which circumstances it can be 
called "Trophotaxis."* In other cases it is a response to 
chemical substances which have no significance as food, and 
have no other importance for the organism. 

It is clear that we cannot assume that response to injurious 
substances is an adaptation which has beeu brought about by 
natural selection. If a response occurs in one čase independent 
of the action of selection, we should hesitate to ascribe to this 
cause the origin of other, even favorable, responses. 

General Itemarks on the Relation bettceen Molecvlar Composi- 
tian and Bespanse. — Pfeffeb ('88, pp. 608-612) has pointed 
out that the capacity of any substance to stimulate cannot be 
inferred f rom its chemical constitution and relationships. Thus, 
the minimum concentration of milk sugar which will produce 
a response is 1%, while in the čase of the closely allied grape 
sugar it is 10% ; but in the very different kreatin it is also 1%. 
Also, the action of any chemical compound is determined not 
by the elements, such as C, H, O, which it contains, but by the 
entire molecule ; in other words, the atomic composition is less 
important than the structure of the molecule or the arrange- 
ment of its atoms. Thus, malic acid and its compounds with 
neutral ammonium, sodium, barium, and calcium containing 
0.001% parts of the acid, have an equal action upon the spenna- 
tozoids of ferns, which do not react to the diethylester of 
malic acid, even in strong solutions. (Pfeffer, '88, p. 655.) 
Again, nitrogenous organic compounds are, in general, more 
active than the non-nitrogenous ones ; but this cannot be held 
to be due alone to the presence of N ; for dextrin (CgHj^Og) 
is nearly as active as the nitrogenous peptone, and, on the other 
hand, the nitrates of metals are not more active than their 
chlorides, while the ammonia salts are relatively weak. 

Relation bettveen the Strength of the Stimulus and that of the 
Response. — Wlien we say that malic acid attracts sperma- 
tozoids we mean that under certain physical conditions of 
the water which we may call normal it does so. And imder 
normal conditions of the water, it is only within certain limits 

* Stahl (*84, p. 164) called the attraction of plasmodium of myxomycete8 to 
bark extract *' Trophotropism.** 
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that malic acid attracts. The strengths of solutions vvhich 
attract under such conditions lie between 0.001% and 10%. 
The weaker solution may be designated the minimum ; the 
stronger, the maximum concentration vvhich provokes a re- 
sponse. The minimum solution provoking response is also 
often called by the Germans the " Reizschwelle," or "stimula- 
tion threshold " ; * the optimum, the " Reizhohe," or " stimu- 
lation acme"; the range, the "Reizumfang." 

The character of the responses observable at the two limits 
is very different ; at the minimum, attraction is very f eeble ; 
thus, while a capillary tube containing 0.01% neutral sodic 
malate, plunged into water at 14°-20° C, swarming with 
spermatozoids, attracts 400 of them in 10 minutes, a 0.001% 
solution attracts only 10-25 individuals during the same time, 
and a 0.0008% exerts little attractive effect, the spermatozoids 
remaining undirected in their movements. At the maximum, 
on the contrary, repulsion is observed. The spermatozoids 
move from the mouth of the capillary tube. Between the 
two extreme8 lies the concentration of greatest attraction — 
the acme. As we pass from the acme towards the minimum, 
the attraction becomes less and less. As we pass towards the 
maximum, the attraction remains the same, or increases ; but 
repelling influences are now at work, which eventually entirely 
counteract the attractive influences. 

A sati8factory method of expressing quantitatively the facts 
just mentioned has not been invented. Pfeffer ('88, p. 599) 
has employed the nomenclature which we have used above 
(p. 36) — «1 to a^ being combined with r^ to r^ to indicate 
the coworking in varying proportions of attraction and repul- 
sion. Using this nomenclature, we may illustrate the state- 
ments made in the last paragraph with examples taken from 
Pfeffer's work: — 



* The following substances at the solutions named produce the threshold 
attraction (ai) in Bodo saltans: KCl, 0.02%; KaPO*, 0.002%; KHjPO*, 
0.0036%; KNOa, 0.26%; K2SO4, 0.22%; KClOg. 0.3%; K4(CN)6Fe, 0.236%; 
Ka-CiHiO«, 0.02%; RbCl, 0.14%; LiCl, 0.6%; LiNOg, 3%; NH4CI, 0.3%; 
neutral ammonium phosphate, 0.08%; SrClj, 0.2%; Sr(N08)2, 0.4%; BaCls, 
0.17%; dextrin, 0.1%; urea, 1%; asparagin, 0.1%; taurin, 1%; sarkin, 
0.33%; pepton, 0.01%; meat eitract, 0.01%. 
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Compare also the table on p. 37. 

For ali reagents which exert an attractive influence there 
exists the maximum (repelling) and minimum (indifFerent) 
limits referred to. In the čase of reagents, whicli, like alco- 
hol, repel bacteria at between 1% and 10%, there is doubtless 
an indifFerent limit, but it is not necessarjr that there should be 
a degree of concentration at vvhich attraction takes pluce. In 
the one čase, then, the phenomena of indifference, attraction, 
repulsion, follow each other with increasing concentration ; in 
the other čase, only indifference and repulsion. The diflference 
in action of the t\vo cases is due, in part at least, to the fact 
that aH Solutions, independently of their chemical constitution, 
become repellent when they become concentrated enough. 
The repulsion, then, of high grades of chemical solutions is 
purely an osmotic phenomenon, and, as such, will come iinder 
discussion in the third chapter. It follows, also, from what has 
been said, that, in the čase of those reagents which exert no 
attraction at any concentration, the acme and maxiinum coin- 
cide and lie at the saturation point of the solution. 

Finally, we may discuss the third čase in whicli the reagent 
acts indiflFerently, as glycerine does upon bacteria between 17% 
and 0.86%. It is clear, that if the density of the solution can 
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be rendered great enough, a repulsion due to osmosis must 
occur. If the substance is, however, only soluble 8lightly or 
miscible, it may be that repulsion will never occur. Whether 
br not attraction will occur bef ore the repulsion point is reached 
will have to be determined experimentally for each reagent. 

Thus the action of an untried substance upon any organism 
may be any one of three kinds : (1) It may be indiflferent at 
aH grades; (2) it may be indifferent at lower and repellent 
at higher grades ; (3) it may be indifferent, attractive, and 
repellent at successive grades. Of two substances belonging 
to the second or third class, one may act upon an organism at 
a certain concentration with indifference, the other at the same 
concentration with repulsion. Likewise the same solution of a 
substance may attract one kind of protoplasm and repel another, 
under otherwise similar conditions. 

We have seen above that the same reagent acts upon the 
same kind of protoplasm similarly only when the other con- 
ditions of the experiment are also the same. Among the 
varying conditions which have been especially investigated is 
that of the chemical constitution of the medium. The experi- 
ment has generally been made as f ollows : A particular species, 
let us say Bacterium termo, is to be subjected to the action of 
a particular reagent, e.g, meat extract. The bacteria are reared 
in cultures containing a varying quantity of the meat extract, 
and the concentration of the capillary fluid producing the 
threshold stimulation is measured in each čase. We may 
compare not only the threshold stimulations but also the 
concentrations necessary to produce the response indicated 
by a^t ^2, etc. The following table, from Pfeffer ('88, 
p. 634), gives some of such determinations: — 



Cttltuue Fluid — 


Capillart Flcid — Meat Extbaot. 


Mbat Estbact. 


8 X cult. cone. 


5 X cult. cone. 


8 X cult cone. 


10 X cult cone. 


0.01 % 
0.1 % 

1% 


0.03% (?) 
0.3%(?) 

3%(?) 


0.05% (a,) 
0.5 % (Oi) 

5 % (a,) 


0.08% («,) 
0.8% (a,) 

8%(a,) 


0.1 % (",) 

1 % («,) 

10% (a,) 
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From this table it appears that the strength of solution 
necessarj to provoke a certain response depends upon the 
strength of solution to which the protoplasm has been pre- 
viously subjected and increases proportionately with it. It is 
clear that the capillary solution of 0.1%, which produces a 
marked chemotaxis in bacteria reared in a culture solution of 
0.01%, would awaken no response in bacteria reared in 0.1%. 

We are now in a position to appreeiate the importanee of 
Btill another addition to our terminology of stimuli — the dif- 
ferential threshold stimulation (Reizunterscheidsschwelle) — 
which may be defined as the minimum increase of a preexisting 
Btimulus which is capable of calling forth a j ust noticeable 
reaction. In the čase just cited, the differential threshold 
stimulation lies just above 3 times the preexisting (culture) 
stimulus, and this is true whatever the degree of the preexist- 
ing stimulus ; and it is shown by experiment that, in general, 
as the preexisting stimulus increases, the differential threshold 
stimulation increases in the same proportion. This observa- 
tion is in perfect accord with the la\v formulated long ago by 
Weber with especial reference to sight. This law runs : The 
smallest change in the magnitude of a stimulus which will call 
forth a response (differential threshold stimulation) always 
bears the same proportion to the whole stimulus. We may 
express this law mathematically, as Fechner has done, by the 
following considerations : Let us take the čase of a protoplas- 
mic body, as, for example, that of a spermatozoid, living in a 
stimulating medium («) of a certain concentration and experi- 
encing a certain reaction r' ; then s corresponds to r'. In 
order just to get a chemotactic response (thresliold stimulation), 
a solution of say 30 times the concentration must be brought 
to the solution affording the stimulation s, This will give a 
reaction which is greater than r' by a quantity which we may 
designate r, so that the quantity of the whole reaction may be 
designated as r' -f r. If the organisms are now placed in this 
stronger solution (31 «), the solution in the capillarv tube must 
be 30 times stronger (30 x 31 «) in order to give the differential 
threshold stimulation. The reaction following this stimulati(m 
may be designated, according to Fechneu's conception, as 
r' + r '\-r, The relation of the successive stimuli and the reac- 
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tions may be sliown by the following table, following one given 

by Pfeffer ('84, p. 401) : — 

8 corresponds to r'. 
8-\- 30 « = Sls corresponds to r'-f r. 

31 «+ 30 X 31 « = 31 X 31 « corresponds to r'-hr-f r. 
31 X 31 «4-30 X 31 X 31 5 = 31 X 31 X 31 « corresponds to r'4-r-fr +r. 

That is to say, while the stimulation increases geometrically, 
the reaction increases arithmetically. In the preceding table 
the second term of the left-hand member of the equation is 
always the differential threshold stimulation. 

The most important objection that can be urged against this 
formula of Fechner is that there is not sufficient reason for 
believing that the various reactions (r) to the dijGPerential 
threshold stimulations of various streugths are equal, nor that 
the stronger reaction to the strong stimulus is composed of 
many weak reactions. If these assumptions were true, it would 
follow that when the successively higher stimuli increase as a 
series of numbers the reactions increase as the logarithms of 
these numbers. If now we adopt as a unit in this phenomenon 
the quantity of the threshold stimulation (estimated in units of 
concentration of solution, of mass, light intensity, heat inten- 
sity, etc), which we may call «, the strength of any stimulus 
(iS') may be estimated in those units, and the strength of the 
corresponding reaction (iZ) will be indicated by the equation 
J{ = C - log aS, in which c is a constant to be determined empiri- 
cally, and iS' the strength of the stimulus expressed in units of 
the threshold stimulation.* 

While we are not yet in a position to understand the signifi- 
cance of Weber's law, we cannot fail to be struck with the 
resemblance of the phenomena with which it concerns itself to 
those of acclimatization referred to in the second section of 
this chapter. \Ve there showed that organisms subjected for a 
while to a chemical agent no longer reacted as at first to that 
reagent. We have here shown that organisms subjected for 

* Since the German word for stimulus is Reiz (initial R)^ and since the re- 
action is usually indicated by the initial letter in Empjindung, in German tezt- 
books this formula usually runs ^ = c • log B, which differs from the above 
equation only in the symbols employed. 
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a while to the action of a certain stimulating agent respond no 
longer to a concentration which would at first have provoked 
a reaction. In both cases it is the action of the chemical agent 
which modifies the 8ub8equent action of the protoplasm, without 
doubt by changing the chemical constitution of the protoplasm. 

Mechanics of Meaponse. — Having considered the general 
relation between strength of stimulns and of reaction, it now 
becomes necessary to examine more in detail into the way in 
which the reaction takes plače. 

A variety of kinds of locomotion exists among chemotactic 
organisms — that of the Myxomycetes is amceboid, that of 
Infusoria is by flagella or cilia. In ali cases the first and 
perhaps the only eflfect of the acting reagent is to determine 
the position of the axis of the body, in the čase of bodies with 
fixed form ; or to determine the pole of outflow in the čase of 
amoeboid organisms. The axis lies in the line of flow of the 
dijffusing solution or perpendicular to the isotonic lines, or lines 
of equal concentration. Whatever movement now occurs must 
be either toward8 or from the source of stimulus. 

I have said above that the axis orientation is perhaps the 
only eflfect of the acting reagent. Pfeffer ('84, p. 463 ; '88, 
p. 631), indeed, maintains that the stimulus does not directly 
cause a markedly more rapid locomotion in the čase of bacteria 
and Flagellata ; but in the čase of plasmodia it seems possible 
that such a hastening of movements occurs. (Stahl, '84.) 
However, it is necessary that meaaurements should be made in 
this matter. Further observations on the mechanics of taxis 
must be deferred to the general treatment of the subject in 
Chapter IX. 

SUMMARY OP THE ChAPTER 

We attempted in the first section to bring together observa- 
tions relating to the action of various chemical substances upon 
protoplasm with the aims of discovering the general la\vs of 
poison-action on protoplasm and of gaining an insight into the 
chemical structure of protoplasm and the chemical operations 
involved in the elementary vital processes. \Ve ought now, 
therefore, to attempt to draw such conclusions as the imperfect 
and often confusing data we have collected wiU permit. 
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AH the reagenta with which we have dealt have been sub- 
stances capable of absorption by, mixture with, or solution 
in, water; and the reason for this is that almost ali proto- 
plasm is itself enveloped by water and largely composed of 
water. 

For the most part we have dealt with mixtures or solutions. 
No\v the aetion of these is a double one. They exhibit, first, 
an osmotic aetion, and, secondly, they may attack the molecules 
of the protoplasm, transforming them. The osmotic aetion we 
will consider in the third chapter ; the transforming one alone 
concems us now. It is not easy, without experiment, to say 
to which of these two categories of aetion the change wrought 
by any substance is due. To determine between the two 
possible causes it would be desirable in each čase to treat the 
protoplasm to a control solution having the same osmotic aetion 
as the first, but no transforming effect. If such a solution 
produces no modification of the protoplasm, then the effect 
wrought by the first reagent is due purely to molecular trans- 
formations. It is not easy to find a reagent of which we may 
be certain that it acts only osmotically. NaCl is probably more 
generally useful in this way than any other substance. In the 
experiments which have hitherto been made, this double aetion 
of solutions has not been sufBciently considered. Hence, a 
doubt concerning the immediate cause hangs about many of 
the phenomena described in the first section. 

The first principle which the data collected establish is 
that the protoplasm of dijfferent organisms is dissimilar. This 
is 8hown by the diversity in their chemical reactions ; by the 
fact that whereas, in one čase, a certain percent solution 
causes so extensive a molecular transformation as to result in 
death, in another, no injurious effect is produced. 

Thus, according to Boer ('90, p. 479), it takes of gold 
chloride to kili — 

TABLE V 

Anthrax bacillus 0.0125% 

Cholera spirillum 0.1% 

Diphtheria bacillus 0.1% 

Ty.phoid bacillus 0.2% 

Glanders bacillus 0.25% 
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Thus the weak solution, 0.0125%, of AuClj, whicli is fatal to 
anthrax, does not injure the glanders bacillus, which require8 
a solution 20 times as strong ; and we conclude that the chemi- 
cal constitution of the glanders bacillus must be different from 
that of anthrax. 

The dissimilaritj of the dijBferent protoplasms may be either 
a qualitatiye or a quantitative one. That is to say, the kinda 
of molecules, or the proportions of the diflferent molecules, may 
differ in the two cases. If we assume that gold chloride acts 
upon protoplasm by the Au replacing some of the H in an 
amido-acid, then the diversity in aetion of AuClg upon anthrax 
and t}rphoid may be accounted f or by assuming that the amido- 
acids are dissimilar in anthrax and typhoid or that the propor- 
tion of the kinds especially aflfected is different in the two cases. 
To which of these two causes the diverse reactions to AuClj are 
due cannot yet, in any given čase, be determined. 

A second principle which we may draw from our data is this: 
Some kinds of protoplasm have a general high resistance to aH 
chemical agents, while other kinds have a high or low resistance 
to particular agents only (jspecific high or low resistance). 
Thus, in the čase of pathogenic bact^ria, the experiments of 
BoER ('90) show that, in general, the anthrax bacillus has a 
low resistance, and glanders a high one. His experiments were 
made with 10 reagents upon five kinds of bacteria. Table VII 
gives in modified form the results obtained by Boer. His 
results are given in the form of Table V; the present table 
is constructed from the original by making the mean of the 
five observations in each column unity and reducing the sepa- 
rate observations proportionately . Thus Table V becomes — 

TABLE VI 

Anthrax bacillus 0.09 

Cholera spirillum 0.75 

Diphtheria bacillus 0.75 

Typhoid bacillus 1.51 

Glanders bacillus 1.88 

AU the other determinations have been treated in like manner. 
Throughout the table the numbers in each column stand for 
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relative resistance capacitj. The reagenta are placed with the 
weakest-acting first. 

TABLE VII 





Caubtio 


Carbolio 


MURIATIC 


SiTLPHURIO 


HrrnTL 


SUBSTANOKS. 


Soda 


AOID 


ACID 


AciD 


VlOLET. 




(NaHO). 


(CeHeO). 


(HCI). 


(H,S04). 




MOLBCCLAR WbIOUT8. 


40 


94 


37 


98 




Anthrax bacillus .... 


0.46 


0.95 


0.40 


0.37 


0.07 


Cholera spirillum . . . 


1.38 


0.71 


0.32 


0.37 


0.33 


Diphtheria bacillus . . 


0.69 


0.95 


0.63 


0.94 


0.17 


Tjphoid bacillus .... 


1.09 


1.43 


1.46 


0.94 


2.22 


Glanders bacillus .... 


1.38 


0.95 


2.19 


2.36 


2.22 





SiLVBE 


OOLD 


Malacuitb 


OZTCTAMIDB 




SUBBTAMCKS. 


NiTRATB 

(AgNOj). 


ClILORIDB 

(AuCI,). 


Orbbk. 


OP Hg. 


AVBRAOB. 


MOLECULAR WeIOIIT8. 


170 


304 








Anthrax bacillus .... 


0.20 


0.09 


0.02 


0.93 


0.388 


Cholera spirillum . . . 


1.04 


0.75 


0.17 


0.62 


0.632 


Diphtheria bacillus . . 


1.67 


0.75 


0.11 


0.93 


0.760 


Typhoid bacillus .... 


1.04 


1.51 


1.75 


1.25 


1.415 


Glanders bacillus .... 


1.04 


1.88 


2.92 


1.25 


1.802 



From this table we see that the bacillus of glanders is more 
resistant than that of anthrax (except in one instance, in which 
the resistance is equal in the two cases) whatsoever be the 
poison emplojed. The bacillus of glanders affords, thus, a 
good illustration of an organism with a general high resistance 
capacity. 

The diversitj in general resistance capacity which is found 
among bacteria exists also among other organisms. Thus, the 
parasitic Ascaris has shown itself highly resistant in aH cases 
in \vhich the action of a poison on it has been compared with 
that on another species; for instance (p. 10) 0.1% chloral 
hydrate kills Infusoria, Rotifera, and diatoms in 24 hours, but 
Ascaris withstands this solution. Again, while 0.1% HCN 
kills Infusoria quickly, Ascaris resists 3% for 75 minutes. The 
general higher resistance may be due to one of three causes : 
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either to the taci ihnt the procoplasn is pn^tecte^i from attaelu 
as is the oase with ižie eacTsted torms of Pn>cozoa. whieh are 
verr rtsistant: or to the faet that the protoplasm is not so 
readilv acted apoQ bj reigenis broaght aetiLillv in contact 
with it, doe to diniinl>h*e«i amoant of water or other stmetoral 
modifications : or. čg^^IIt. tLit the protoplasm has a different 
compofrition. certain onstable molecoles foond in other kinds 
of protoplasm being aošent. 

We will now c»>asider the phenomenaof diversitj in #/vrt€<r 
resistance of protoplasm. A ca»e of specific htr resistance is 
foond in the nervoos tiisue. Thns manv of the alkaloids. €.«|. 
nicotine and cocaine, are almost indijSferent to the protoplasm 
of Protista. bat act towards the nervoos sjstem as powerfol 
poisons. Hence we are led to cooclode that nervoos protoplasm 
contains especiallv onstable compoonds. opon which its act ion 
depends. When thev are sobjected to the act ion of verv weak 
— towards most sobstances. indifferent — reagents, eitensive 
and fatal transformations occor. 

Cases of specičc hi^h resistance are apparentlv foond in some 
glands which secrete intense poisons. or in some organisms 
which live in solotions of some osoallv poisonoos agent. £x- 
amples of this class are the HCI^secreting glands of the 
Vertebrate alimentarr tract, the poison-glands of venomoos 
serpents, and the H^O^-secreting glands of Gasteropoda; 
also the vinegar eeU which lives in 4% acetic acid. It ooght 
to be said that it is largelv an inference based opon experi- 
ments on acclimatization, that these glands or organisms will 
not show a general high resistance. Experiments are needed 
to determine this point. As to the caose of specific high resist- 
ance« I believe that moch light is gained from the facts of 
acclimatizatioa. and that anv sofficient theorv of the latter 
woold serve also to explain the former (see p. 30). 

Under the general poisons we have distingoished foor main 
groops : a. oxidizing poisons ; h. salt-forming poisons : <•. sob- 
stitotion poisons ; d. catahtic poisons. I will comment briedv 
opon the act ion of the poisons of each of these. srrpujjs- 

a- Ozidizing Poiions. — The oidihiar}' 03»idatiDi3|^:{irQČi^S9^ in 
living protoplasm in vol ve the consomption not of the proio- 
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plasm itself, but of the thermogenic substances stored therein 
(sugar, yolk). After these ha ve been consumed in starvation, 
or when the organism is subjected to the action of oxidizing 
poisons, the molecules of the protoplasm become oxidized. 
Ali protoplasm which is readily aceessible must be injured by 
the direct attacks of " aetive " oxygen. 

b. SalUforming Poisons. — The facility with which an acid 
or a base forms salts with the protein substances of the proto- 
plasm must depend, in large part, upon the quality of the 
protein molecules. It is well known that ceitain protein sub- 
stances, such as keratin, chitin, and fibrin, are not readily acted 
on by acids or bases, and it seems necessary to suppose that 
some such resistant proteids are the essential parts of glands 
which secrete these reagents. Into this group fall the salts of 
heavy metals characterized by their extraordinary fatalness. 

C, Suhstitution Poisons. — This group comprises, besides a 
few sulphur compounds, almost exclusively nitrogenous sub- 
stances, and among these a large proportion of compounds 
with closed chains. As many of these are indiflferent to dead 
albumen, but violent poisons to living protoplasm, it is clear 
that the latter must contain certain extremely unstable groups 
(amido-, aldehyde-, and keton-groups, LoEW, '80). Among 
these poisons the relation between molecular structure and 
poisonous action is very marked, especially in the nitro-com- 
pounds. Thus, bodies containing H united with N are poison- 
ous in direct proportion to the number of H atoms so combined. 
It seems probable that H so combined is very easily given up 
to the molecules of the living substance, deabroying them. 
H in the hydroxyl radical seems also more easily parted with 
than H joined to C. 

d. Cataltftic Poisons. — Chiefly organic compounds of the 
fat series, which have little chemical energy and produce, for 
the most part, ana^sthesia. The poisonous action seems here 
proportional to the complexity and instability of the compound. 
Thus, in many groups, when the alkyls CH3— , CgHg— , etc, 
are 8ucces8ively introduced, the substance grows more poison- 
ous as the..nunaber«of •a^^ijis in the alkyl increases. In the 
n^tten*^rlfl^:|i^.lino;ig:sil{^^ compounds the suhsti- 

tution of Cl for H increases the poisonous action. 
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The 8tudy of the action of poisons upou protoplasm gives us 
an insight into the extreme complexity of the living substance 
— its composition out of numerous kinds of compounds, many 
of which are extremely unstable. Not ali protoplasm contains 
the same compounds, hence it must be a very dissimilar thing 
in different organisms. Not ali of the compounds in any pro- 
toplasmic body are essential to life, for we may act upon a 
protoplasmic body by a weak reagent, and gradually change 
its composition so that it will no longer be killed by the strong 
solution, and aH of this without perceptible injury — at least, 
this is the conclusion to which the study of acclimatization of 
Protista leads us. The altered chemical constitution will be 
transmitted in the division of the individual, and thus the 
composition of the protoplasm of a race will have been deter- 
mined by the medium in which it and its ancestors have been 
living. 

Finally, we may consider what light the action of reagents 
throws upon the processes in vol ved in the elementary vital 
functions. The normal movement of protoplasm is profoundly 
modified by interfering \vith the oxygen supply. Thus, when 
the oxygen pressure is diminished, movements are retarded ; in 
the presence of pure oxygen they are accelerated. Some anses- 
thetic or paralyzing agents — e.g. chloroform and some alka- 
loids, veratrin, atropin, cocaine, strychnin, and antipyrin — give 
rise first to acceleration, then to disappearance of movements 
in the protoplasm. Protoplasmic movement is, consequently, 
closely associated with oxidation, and it does not occur in the 
absence of irritability. 

Normal locomotion is interfered with by strychnin and co- 
caine. Their stimulating action produces accelerated move- 
ments, and these are accompanied by loss of coordination. 

Since many catalytic poisons (anaesthetics) destroy irrita- 
hilittf^ one may conclude from the action of these chemical 
agents that (p. 7) stability of molecular movement is essential 
to the performance of this function. 

Disturbance of the excretory function results from the action 
of CO, NHg, chloroform, cocaine, strychnin; at least, an ex- 
cessive vacuolation of the protoplasmic body occurs under the 
action of these agents. 
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Experiment8 on chemotaxis show that many substances 
brought near to protoplasmic bodies control their locomotion. 
The effect upon locomotion depends both upon the kind of 
protoplasm and the strength of the reagent. In many cases, 
a certain strength of reagent attracts an organism, while a 
stronger solution repels, and a weaker solution is indifferent. 
In such a čase we may speak of tlie protoplasm as being attuned 
to the attracting strength of the reagent. We find great diver- 
8ity in the strength of solution of a reagent to which different 
protoplasms are attuned. This diflference of attunement to 
chemotactic reagents is parallel to the difference in strength of 
the killing solution of various protoplasms. As the latter is 
probably due to the past action of chemical agents upon the 
protoplasm, so is also the former. 



APPEXDIX TO CHAPTER I 
Cytotaxis (= Cytotropism) 

Roux ('94) has given the latter name to a phenomenon which 
is probably only a special čase of chemotaxi8, but which may be 
better considered apart. He isolated, in an indifferent medium, 
two or three cells from the egg of a frog (Rana fusca) at the 
morula or blastula stage of development. These he placed near 
each other upon a glass slide, and found that they moved 8lowly, 
and that the direction of the movement of any one celi was, 
under certain conditions, determined by the position of the 
other celi or cells. 

In order to perform the experiinent a proper medium in which to studj 
the movement of the cells must be prepared as follows: a small quantity — 
5 to 10 ccm. — of fresh egg albumen (not cut up, but with the albumen 
threads intact) is filtered through clean wadding, and the completelj clear 
fil trate is used. In other cases a more or less strong salt solution is 
employed. The cleavage cells are isolated in the filtrated albumen, on a 
glass plate, by means of needles. To diminish evaporation the glass plate 
is put into a shallow glass vessel containing several drops of water. 

When two cells were placed near each other (about one-fourth 
of their diameter apart), the distance between them diminished. 
The approach took plače along a line joining the two cells ; 
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and when severa.! pairs of cells were in the field, this moTement 
took plače in various directions, iiidicating that their move- 
ment waB not determined by conditions outside the approaching 
cells. To get further light on the niigration of the cells, their 
distance apart was meag- 
ured at short intervala 
of tirne. The resulta of 
two series of such meas- 
urements are represeuted 
graphicaHj-in Figs.6 and 
7. In both of these dia- 
grama tlie heavy Maea 
indicate the successive 
positions assumed by 
f our points ; namely, the 
pointB of the two cells 
which are nearest each 
other and those which 
are most distant. In 
the first čase the cells 
traverse the distance of 
their diameters (58 /a) 
in ahout 10.5 minutes. 
The rate of migration 
is, however, extreraely 
j,'ariahle. In some cases 
the cells seem even to 
move apart (negative 
ej^totaris?). 

Certain special cases 
are worthy of considera- 
tion. \Vhen a third celi 
lies near an approaching 
pair, the path uf migra- 
tion of the pair may become convex towar(l8 the third celi. 
Two cell-complexes, each comi)osed of three or four cells, 
may approach 'and conuect. But masses composed of a 
larger number of cella form " closcd complexe3 " which 
ahow no cytotactic activity. The isolated cella of differ- 




fias, 6, T. — Two rats ot cnrves, alioirliig the 
conrae ot "cftotacilc" movimenU of the 
cleaTage celi* ot (he frog. In each flguTS 
the dott«d line represents k dlameter ot tbe 
celi. The tuli line repreaenta the »ncceulve 
poeitioai ot ibe eitremities ot the diameters 
ta the cells approacb. The diatancea belweeii 
horizontal llnes — if ; betireen vertical lincs, 
Tfi Hcconds. (From Rome, '94.) 
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ent eggs of the same species behave like cells from the 
same egg. 

By these important experimeiits it is established that, inside 
of the body, parts may aet upon parts, determining the direc- 
tion of motion. The importance of this fact will be discussed 
in a later Part of this book. 



LITERATURE 



Adduco, v. '90. Sur Teiistence et sur la nature du centre respiratoire 

bulbaire. Arch. Ital. de Biol. XIII, 89-123. 21 March, 1890. 
Aderhold, R. *88. Beitrag zur Kenntnis richtender Krafte bei der Bewe- 

gung niederer Organismen. Jena. Zeitschr. XXII, 310-342. 
Albertoni, p. '91. Wirkung des Cocains auf die Contractilitat des Proto- 

plasma. Arch. f. d. ges. Phjsiol. XLVIII, 307-319. 28 Jan. 1891. 
Bernard, C. '78. Le9ons sur les phduomencs de la vie commuus aux ani- 

mauz et aux vdgdtaux. Tome I, 404 pp. Pariš. 
BoER, O. '90. Ueber die I^istungsfahigkeit mehrerer chemischer Desin- 

fectionsmittel bei einiger fiir den Menschen pathogenen Bacterien. 

Zeitschr. f. Hygiene. IX, 479-491. 
Boscn, C. TEN '80. De physiologische werking van chinamine. Onder- 

zoek. Phjrsiol. Lab. Utrecht. V, 248-292. 
BiNZ, C. '67. Ueber die £inwirkung des Chinin auf Protoplasma-Bewe- 

gungen. Arch. f. mik. Anat. III, 383-389. 
BiNZ, C. and Scuulz, II. '79. Die Arsengiftwirkungen vom chemischen 

Standpunkt betrachtet. Arch. f. exper. Path. u. Pharm. XI, 200- 

230. 
BoKORNV, T. '86. Das Wasserstoffsuperoxyd und die Silberabscheidung 

durch actives Albumin. Jahrb. f. wiss. Bot. XVII, 347-358. 
'88. Ueber die Einwirkung basischer Stoffe auf das lebende Protoplasma. 

Jahrb. f. wiss. Bot. XIX, 206-220. 
'93. Ueber die physiologische \Virkung der tellurigen Saure. [Abstr. in] 

Bot. Centfalbl. L VII, 16. 
Bo URNE, A. G. '87. The Reputed Suicide of Scorpions. Proč. Roy. Soc. 

London. XLn, 17-22. 
BuCHNER, H. '91. Die chemische Reizbarkeit der Leukocyten und deren 

Beziehung zur EntzUndung und Eiterung. Sb. Ges. Morph. u. Physiol. 

Munchen. VI, 148-152. 
'92. Die keimtodtende, die globulicide und die antitoxische Wirkung 

des Blutserums. Miinchener Med. Wochen8chr. XXXIX, 119-123. 
Calmette, a. '94. L'immunisation artificielle des animaux contre le venom 

des serpentes et la thčrapeutique experiinentale des morsures veni- 

meuses. C. R. Soc. de Biol. (10) I, 120-124. 



UTERATURE 55 

CHAMPcmEB, A. 'So. Actioo de la eocaine et d'antm micaloides snr cer- 
tains infasoEres k chlorophTlle. C. R. Soc de Bk>L XXX Vn. ISS. 

Clakk, j. "SO. PktitopUsmic Morements mnd tbeir ReUtioa to OxYgen 

Pressnie. Proč. Rov. Soc. Lond. XLin, 370, 371. Jane 20, lSd9. 
CoHx. F. *M. FormmldehTd and seine Wirkang wa£ Bacterien. BoL 

CentndbL LVII. 3-«." 
Daxilew:»ki, B. *92. Ueber die phTviologisclie Wirkang des Cocains aaf 

wirbello9e Thiere. Arch. L d. ges. Phjsiol. LL 446-454. 
Dakcmbesg, g. "91. Sar le pouroir destmctear da seram smngain poor les 

globales roages. C. R. Soc BioL XLIIL 719-721. 
DARWf X. C. T5. In^ectiroroas PUnu. 4^ pp. Xew York : Appleton & Co. 
Davexfost. C. B. and Neal, H. V., '96. On the Acclinutization o£ 

Organ isnu to Poisonoas Chemical Substances. Aicb. f. £ntwick. d. 

Organismen. 11, 561-5S3. 28 Jan. 1S96. 
Demoor. j. ^94. Contribation k Tetade de la phjsiologie de la cellale (in- 

dependance fanctionnelle du protoplasma et da nojaa). Arch. de 

BioL XIII, 163-244, Pls. IX, X. 28 Feb. 1894. 
I>EwiTZ, J. ^85. Ueber die Vereinignng der Spermatozoen mit dem EL 

Arch. L d. gcs. PhvBioL XXXVII, 219-223. 29 Oct. 1885. 
Ehrlich, p. *91. Ezperimentelle Unteraochangen iiber Immunitat. I Ueber 

Ricin. n Ueber Abrin. Deutsche med. Wochenschr. 976-979; 12 IS, 

1219. 
Elfting, F. *86. Ueber die Einwirkang ron Ather und Chloroform auf die 

Pflanzen. Ofrersigt af Finska Vetensk. Soc. Forh. XXVIII. 36-53. 
£xGELMAXN. T. W. *81. Ncue Methode zur Untersuchang der Sauer- 

stoffaascheidung pflanzlicher and thierischer Organismen. Arch. f. 

d. ges. Phvsiol. XXV, 285-292. 20 Jane, ISSl. 
*82. Ueber Licht- und Farbenperceptiou niederster Organismen. Arch. 

f. d. ges. Phvsiol. XXIX. 387-400. 3 Nov. 1882. 
*94. L'^mission d*oxygene sous Tinflucnce de la lumi^re, par les cellules 

a chromophvlle, dčmontree au moven de la methode bactčrienne. 

Arch. Neerland. XXVIII, 358-371.' 
Favrer, j. 74. The Thanatophidia. 2d ed., 178 pp., 31 pls. London : 

Churchill. 
Fromann, C. '84. Untersuchungen iiber Struktur, Lebenserscheinungen 

und Reaktionen thierischer und pflanzlicher Zellen. Jena. Zeitschr. 

XVII, 1-349. Taf. MIL 19 Jan. 1884. 
Greexwood, m. 'OO. On the Action of Nicotin upon Certain Invertebrates. 

Jour. of Phvsiol. XL 57:M><>5. Dec. 1890. 
Heidensciiild, W. *86. Untersuchungen ul>er die Wirkang des Giftes der 

Brillen- und der Klapperschlange. Jahresber. d. Thier-Chem. XVII, 

330. [From Inaug. Diss. Dorpat. Lookmann, 1886.] 
nERTWiG, O. and R. *87. Ueber den Befruchtungi«- und Teilungsvorgang 

des tierischen Eies unter dem Einfluss ausserer -\gentien. Jena. 

Zeitschr. XX, 120-241. 8 Jan. 1887. 



56 CHEMICAL AGENTS AND PROTOPLASM [Ch. I 

HoFER, B. '90. Ueber die liEihmende Wirkung des Hydroxy]ainin8 auf die 

contractilen Elemente. Zeitschr. f. wi8S. Mikr. Vil, 318-326. 18 

Dec. 1890. 
Kanthack, A. A. '92. The Nature o£ Cobra Poison. Jour. of Physiol. 

XIII, 272-299. May, 1892. 
Krukenberg, C. F. W. '80. Vergleichend-phjsiologische Studien. 1 Reihe, 

1 Abth., 77-155. 
KiJHNE, W. '64. Untersuchungen iiber das Protoplasma und die Contrac- 

tilitat. 158 pp., 8 Taf. Leipzig: Engelmann. 
Leber, t. '88. Ueber die Entstehuug der Entziindung und die Wirkang 

der entziiudungserregenden Schadlichkeiten. Fortschritte d. Medicin. 

VI, 460-464. 
Locke, F. S. '95. On a Supposed Action of Distilled Water as such on Cer- 

tain Animal Organisms. Jour. of Phjsiol. XVIII, 319-331. 5 Sept. 

1895. 
LoEB, J. '90. Der Heliotropismus der Thiere und seine Uebereinstimmung 

mit dem Heliotropismus der Pflanzen. 118 pp. Wurzburg: Hertz. 
LoEW, O. '77. Lieutenant Wheeler's Expedition durch das sudliche Cali- 

fornien im Jahre 1875. Petermann's Geogr. Mitth. XXIU, 134-140. 
'83. Sind Arsenverbindungen Gift fiir pflanzliches Protoplasma? Arch. 

f. d. ges. Phjsiol. XXXII, 111-113. 12 Sept. 1883. 
'85. Ueber den verschiedenen Resistenzgrad im Protoplasma. Arch. 

f. d. ges. Physiol. XXXV, 509-516. 30 Jan. 1885. 
85*. Ueber die Giftwirkung des Hydroxylamins verglichen mit der von 

anderen Substanzen. Arch. f. d. ges. Physiol. XXXV, 516-527. 

30 Jan. 1885. 
'87. Ueber Giftwirkung. Arch. f. d. ges. Physiol. XL, 437-447. 

18 May, 1887. 
'88. Physiologische Notizen iiber Formaldehyd. Sb. Ges. f. Morpol. u. 

Physiol. Munchen. IV, 39-41. 
'91. Die chemischen Verhaltuisse des Bakterienlebens. Centralbl. f. 

Bakteriol. u. Parasitenk. IX, 659-663 ; 690-697 ; 722-726 ; 757-760 ; 

789-790. May-June, 1891. 
'92. Ueber die Giftwirkung des Fluomatriums auf Pflanzenzellen. 

Munchener Med. Wochenschr. XXXIX, 587. 
'93. Ein naturliches System der Gift-Wirkungen. 136 pp. Miinchen, 

Wolff u. Luneburg, 1893. 
LoEW, O. and Bokornt, T. '89. Ueber das Verhalten von Pflanzenzellen zu 

stark verdiinnter alkalischer Silberlosung. Bot. Centralbl. XXXIX, 

369-373 ; XL, 161-164, 193-197. 
LuBBOCK, J. '84. Ants, Bees, and Wasps. Internat. Sci. Ser. XLII, 

448 pp. 5 pls. New York : Appleton. 
Marmier, L. '95. Sur la toxine charbonneuse. Ann. de Tlnst. Pasteur. 

IX, 533-574. 
Massart, j. '91. La sensibilit^ k la concentration chez les etres unicellu- 

laires marins. Buli. l'acad. roy. Belg. (3) XXn, 148-167. 



LirERATURE 57 

Massabt. j. ^93. Sar rimtabilit^ des yoct3iiqiies. Boli. Sd. France ei 

Bclg. XXY, 0^7«. 23 0ct. 1S93. 
MiGCUL, W. "M. Ueber den F.infla« stark Terdiinnter Saureldsongen anf 

Algemellen. Inang. Di»., Breslao. IS^. Ahslract in BoC. CentndbL 

XLI, 207. 12 Feb. IS&O. 
Metschxikoff. E- V2. Le^ons sur la padiologie comparee de rinHamrna- 

tion. Ftfis. 1592. 
Nageu, C. v. ^. Ueber oligodTnamische Erscheinongen in lebenden 

Zellen. Neoe DenJuchr. ali. 5chweiz. Ges. XXXI£L Abth. 1. o2 pf>. 
NiKOi^Ki, W. and Dogiel, J. "90. Zor Lehie iiber die phv^iologische WirkQng 

des Corare. Arch. L d. ges^ PhTsiol. XLVIL 6S-115. 2S Feb. IdOO. 
Ohuiclles, '92. Ueber die £inwirkong des Qn>os aof Bacterien. Chem. 

CectralbL 1S92, L Sdi). [Abstr.] 
Paxeth. J. *S9. Ueber das Verbalten ron Infosorien gegen WaaBefsloff- 

soperozjd. Centralbl. f. Phjsiol. HI, 377-380. 9 Xot. IS^. 
Ptkffek, W. "54. Looomolorische Ricfatong9bewegongen dordi cbemisehe 

Beize. Unters. a. d. bo4. Inst. Tiibingen. L 3$3-4^. 
'SS. Ueber chemolaktische Beiregungen ron Bacterien, Flagellalen ond 

Volrocineen. Untersoch. bot. Iu5t. Tiibingen. 11. oS2-^i^. 
RiCHCT, C. 'SO. La chaleor animale. 307 pp. Pariš : Alcan. 
RoKUFR, F. *92. IHe chemiscbe Reizbarkeit thierischer Zellen. Arch. L 

path. Anat. o. Phjsiol. CXXVm, 9S-131. 1 April, 1S92. 
BossBACH. M. J. T2. Die rrthmischen Bevegongserscheinongen der ein- 

lachsten Organismen und ihr Verbalten gegen phvsikaliscbe Agentien 

und Arzneimittel. Verh. phjs.-med. Ges. Wiirzbarg. I. 179-242; 

abo in Arbeiten a. d. zooL-zooC Inst. Wiinbarg. L 9-72. 
Ror3C liV. *91. Ueber den Cvtotropismos der FnrchongneUen des Graa- 

Irosches (Rana fosca). Arch. f. Entirick. d. Organismen L 43-20(2. 

Taf. I-III. 
ScHsoDER. W. T. *S5. Ueber die Wirkong einiger Gifte aof Askariden. 

Arch. f. exp. Path. XIX, '290-300. 
ScHCRMATES, C. B. "90. Ueber den Einfloss aosaerer Agenten aof einsel- 

lige We3en. Jena- ZeHschr. XXIV. 402-470. 26 March. ISOa 
ScHCLTZE, M. *63. Das Protoplasma der Rhizopoden und der Pdansen- 

zellen. 6S pp. Leipzig : Engelmann. 
SnrALi.. A. *$7. Ezperiments on the PrerentiTe Inocolation of Rattlesnake 

Venom. Joor. of Phvsiol. MU. 203-210. August, 1SS7. 
Stahl, £. *S4. Z ar Biologie der Mvzomjceten. Bot. Ztg. XLII. 145- 

15«: 161-176: 1*7-191. 7-21 ilarchl 1S.S4. 
Staxge, B. v*}. Ueber chemotactische Reizbewegnngen. Bot. Ztg. 

XLVIII, 107-111: 124-127: 13S-142: loo^loO: 161-166. Feb., 

3^Iarch. 1S90. 
TsrcAMOTO. M. *9.5. On the Poisonoos Action of Alcohols opon Different 

OnjanMins. Joor. Coll. Sci. Japan. VII. 269-2S1. 
Verworx. m. '^9. PsTcho-phjBiologische Protisten-stodien. 213 ^p. 6 pla. 

Jena: Fischer. 



CHAPTER II 

EFFECT OF VARYING MOISTURE UPON PROTOPLASM 

In this chapter it is proposed to speak (I) of the amoiint of 
water in organisms ; (II) of the efifect of desiccation upon the 
fimctions of protoplasm ; (III) of the acelimatization of organ- 
isms to desiccation, and (IV) of the control of the direction 
of locomotion by moisture — hydrotaxis. 



§ 1. On the Amount of Water in Organisms 

Any theory of the structnre of protoplasm must recognize 
that water f orms the greater part of the whole mass ; between 
60% and 90%. In the čase of dry seeds and grains, however, it 
may fall below 15%. Many determinations ha ve been made of 
the proportion of water in the body of entire organisms and in 
their organs. I give in tabular form some of these determina- 
tions, which were made by Bezold ('57), designated by (B) ; 
Krukenberg ('80), designated by (K); and Liebermann 
('88), designated by (L). 

table vm 



Spkous. 


CoNDinoifs OP WKioHnfo. 


% Wateu. 


Varions sponges (K) 


In most cases, kept a short tirne in 






f resh sea water ; dried on surf ace 


84.0 to 




and weighed. 


74.5 


Medusa: RhizostomaCuTieri (K). 


Whole animai, directly from water 


96.4 




Piece of disc. 


95.0 


Various Actinia (K) 


A few minntes after removal from 






sea. 


87.7 to 




A littie watcr lost from central cavitj 


83.2 


Alcyonium palmatum (K) 


Weighed when freah, 73.5 g. 


84.3 


Asteracanthion glacialis (K). . . . 


Weighed 850 g. 


82.3 


Lumbricus complanatus (K) .... 


2 large specimens 


87.8 
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CoKDinoan or Wbi6blix6. 



:%wa 



Oniaeiismanuriiis (B). . 
8qiiilU mjmtis (K) ... 
Astacos flaTuuilus (B) . 

Doris tabercnlaU (K). . 
Duriopsis limbata (K) . 
Arion empiricoram (B). 

f Jmmx fnmTimiMi (B) . . 

Botrjllns (K) 

Vanons Vertebrates (B) 

Chick (L) 

Tdajrsold 

21 dajrs old 

Tnniip (root) 



; 200 yoiuig indiTidiials 
1 indiTldiial 
3 indiTidiials ir« 
27.4 g. 



from 16JS to 



3 indiridiials 

6 indiridiials ireighing from i^ to 
27.1 g. 

4 indifidiials ireighing from 0.1 to 

na g. 
4 indiridiials weigliing from 111.2 
to36i2g. 



Embrjo only, jolk remoTcd 
Embrjo only, ready to hatch 
From Goodale'8 Phy8iolog. Bot^ p. 
236 



68.1 
81.9 

71.1 
88.4 

8&5 

86.8 

82.1 

93.6 
58.4 to 
80.1 

92.8 
80.4 

91.0 



These determinations suffice to 8how that water immensely 
predominates over any other substance in active organisms, 
and indicate that it plavs an important role. 

The role played by water is, in fact, extremely varied. It 
serves to maintain that nnstable, foam-like structure of the 
protoplasm upon which its capacity for movement depends ; it 
acts as a solvent for matter taken into the protoplasmic body; 
and it serves to transport dissolved substances from plače to 
plače in the organism. In a word^ it is essential to movement 
and to those chemical processes which constitute metabolism. 



§ 2. Ox THE Effect of Desiccation upon the Fuxc- 

TIONS OF PkOTOPLASM 

\Ve may consider this topic under the follo\%'ing heads : 
(1) eflfect upon metabolism ; (2) effect upon the motion of 
protoplasm; and (3) the production of desiccation-rigor and 
death. 

1. Effect of Drjness on Metabolism. — Since water is so 
essential to metabolism, we should expect that a diminution of 
metabolism would accompany dryness. And this is clearly the 
čase. Thus dry seeds, in which the water is reduced to only 10 
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to 15%, when placed under conditions of temperature favor- 
able to metabolism, 8how almost no change in the course of 
days. This has been indieated also by an experiment of 
KocHS' ('90, p. 685), who placed seeds, which had been dried 
in a vacuum, in a receptacle connected with a Geissler's tube, 
such as is used in the spectroscopic study of gases. The air 
was completely pumped out of both vessels, and after some 
months a spectroscopic study of the gases in the Geissler's 
tube showed no trace of nitrogen or carbon, yet the seeds later 
germinated. This experiment can hardly be considered to 
demonstrate KocHs' point, however, since the seeds were 
deprived of oxygen, as well as moisture. 

The act of drying may, on the contrary, induce the manu- 
facture and elimination of certain secretions. This occurs 
apparently in many Protista, which form cysts in the drying 
pools. This phenomenon is seen again in some of the higher 
animals, — such as our garden slugs, — which secrete slime in 
large amount when kept f or a short time in a dry place. In 
both cases the result is of immense importance for the con- 
tinued lif e of the organism, — in both cases it is to be consid- 
ered a response to the stimulus afforded by evaporation of water. 

2. Effect of Dryness upon the Motion of Protoplasm. — We 
have seen that water plays an important role in the movement 
of protoplasm. When by any means the water is partly with- 
drawn, the protoplasmic currents will be slowed. When, on 
the contrary, protoplasm, which is lying in an " indifferent " 
medium, such as blood serum, is placed in distilled water, 
unusually active movements occur. This has been shown by 
Engelmann ('68, p. 446) in the čase of the spermatozoa of the 
frog, and the ciliated epithelium of the frog's oesophagus just 
removed from its body. Similarly, Dehnecke ('81) found that 
protoplasm of the tissue cells of the higher plants exhibited 
abnormally rapid movements upon adding water. These obser- 
vations indicate that water may act as a stimulus to the move- 
ment of protoplasm. 

3. Desiccation-rigor and Death. — It is a f amiliar f act which 
has been established by over a hundred and fifty years of 
experimentation, that some organisms, when gradually dried, 
may cease from movements. This immotile condition has 
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sometimes been regarded as death. By Preyer ('91) it has 
been called "anabiosis." I shall call it desiccation-rigor, and 
correlate it with phenomena, produced by various other agents, 
which cause the cessation of a movement that is restored again 
when the action of the untoward agent is withdrawn. 

And these are just the conditions we meet with here, — ces- 
sation of activity without loss of power of revival. This was 
very evident from the work of Spallanzani (1787, Tom. II, 
pp. 212, 213). This author 8howed clearly that one and the same 
adult rotifer can be observed in the evaporating drop, iintil ali 
the water is gone, and it has lost aH movement and its normal 
form. If, after an hour, the slide is moistened again, the 
rotifer reassumes, by degrees, its natural form and activities. 
Spallanzani noticed, what has been the nearly unanimous 
testimony of subsequent observers, that a rotifer dried for 
hours on clean glass does not revive ; revivification oecurs 
only when the rotifers have crawled into sand. As for the 
length of time during which desiccation-rigor may persist 
in rotifers without death occurring, we know only that it may 
be considerable, extending through months, and even years. 

Similar phenomena to those observed in rotifers have been 
described for tardigrades and certain nematodes, although these 
organisms have not been studied in so much detail. Among 
the tardigrades only those species which live in moss, and 
are thus especially liable to desiccation, withstand drving. 
(Lance, '94.) Among nematodes, Tylenchus devastatrix, 
KiJHN, which lives in grains of wheat, is a classic object of 
study. Strongylus rufescens is, according to Railuet ('92), 
capable of resisting dryness for 68 days or more. We may 
thus conclude that adult organisms of certain species may be 
subjected to desiccating influences, and that those same indi- 
viduals may resist tliem so as to reexhibit activities after the 
retum of favorable conditions.* 

While the results of these drying experiments are scarcely 
doubted, much diflference of opinion has arisen concerning the 
interpretation of the results. The first moot point is the 
degree of desiccation which the protoplasm of the organisms 

* See in connection with this the valuable report of Broca (*61). 
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experiences. Many writers have assumed that this has been 
rendered in their experiment8 very great or nearly perfect. 
Thus Doyž:re ('42, p. 28) 8ay8 : " What is the condition of 
the animalcules in the dried sand of the gutters? I have 
never seen them, at such times, in auy other condition than 
reduced to spangles as fragile and more deformed than when 
dried free on the glass. I have never discovered a single one 
which manifested any traces whatever of life, or which did not 
present ali the appearances of a complete desiccation. Never- 
theless, I do not preteud by this to invalidate ali contrary asser- 
tions ; the principal fact, that of the return to life af ter an 
absolute desiccation, is not affected thereby." The phy8icist 
Gavarret ('59, p. 317) subjected, for 34 day8, moss contain- 
ing rotifers to a vacuum having a pressure of only 4 mm. of 
mercury, and other experimenters have likewise employed a 
similar "chemically drying" device, which they believed capa- 
ble of extracting aH water from the protoplasm. 

The evidence that ali water is withdrawn from the body of 
the organism is often very slight. The fact that the seeds or 
plant tissues in which nematodes or tardigrades are living, 
have been dried until they lose no appreciable weight, Ts not 
sufficient evidence that their inhabitants are completely dried. 

On the other hand, there is positive evidence that one, at 
least, of the organisms which has been considered as having 
been absolutely dried, can protect itself from this condition. 
It is especially Davis ('73) who has shown this. This author 
has experimented with the rotifer Philodina roseata. When 
dried on a glass plate with sand, it assumes a spherical form. 
At the same time, however, it secretes a gelatinous envelope. 
Thus eucapsuled it may rest for days until upon the addition 
of water it reassumes its active, adult form. That a layer 
of such gelatinous substance is sufficient to resist the drying 
action of a vacuum-chamber with sulphuric acid, was illus- 
trated by putting grapes varnished with gelatine in such a dry 
chamber for one week. They emerged in a fresh, juicy con- 
dition. One of the encapsuled rotifers was crushed after 
"desiccation" and yielded under the cover-glass a drop of fluid. 
In this čase then the rotifer was not fully dried. Davis 
accounts for the fact that isolated rotifers dried on a clean 
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slide will not survive desiccation, on the ground that tlie sand 
forms a necessarj retreat in which the organism can quietly 
encapsule itself. Of the fact of such encapsuling there can be 
no doubt ; it is abundantly substantiated by the testimony of 
HuDSON ('73 and '86). There is a doubt, however, whether 
this encapsuling is a phenomenon common to ali organisms 
which can resist desiccating influences, and, therefore, whether 
Davis's explanation is generally applicable. To sum up : I 
believe there is no sufficient evidence that an adult organism 
or active protoplasm of any sort can rapidly lose aH of its " free 
water" without such a destruction of its finer structure as 
would make it incapable of exhibiting vital activities upon 
moistening again. 

A much greater capacity undoubtedly inheres in spores and 
seeds. Thus Kochs ('90) subjected perforated seeds of Zea 
mais, Phaseolus, and Triticum vulgare to an almost perfect 
vacuum (made by a mercury pump) for 8 days, and they nearly 
ali germinated. Even the small radish seed, with part of the 
euticula removed, subjected to a vacuum for three weeks ger- 
minated perfectly. Probably there is no limit to the amount 
of desiccation which seeds and other masses of protoplasm 
especially adapted to resist desiccation can withstand. 

The second moot point is this : Is the protoplasm, rendered 
immotile by drying, living or not ? Spallanzani prejudiced 
the question by the title of his chapter on this matter, — 
" Observations and experiments on some marvellous auimals 
which the observer can at his will make pass from death to 
life" ; and he and many of his successors argue that death has 
truly occurred. Prever ('91), hovvever, prefers to reserve the 
term "dead" for protoplasm which is at the same time lifeless 
and incapable of life ; while to protoplasm vvhicli is lifeless but 
capable of revivification he applies the term " anabiotic/' The 
question then is this, is life truly suspended during the immo- 
tile State? If we think of life as the sum of the chemical 
changes occurring in the protoplasm, we shall realize that ali 
degrees of vitality, even to complete cessation of activity, may 
occur without our being able anywhere to say at this point life 
becomes extinct. We can hardlv hope ever to deny that mini- 
mum vital changes are occurring ; since the minimum changes 
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must be beyond our ken. That these vital changes are some- 
times exceedingly slight, is sufficiently indicated by the experi- 
ments upon seeds performed by KocHS ('90), and referred to 
on p. 60. That, however, slight changes are occurring even 
in seeds is indicated by the fact that dessication-rigor cannot 
continue indefinitely \vithout loss of the power of revivifi- 
cation. 

In the čase of the rotif ers, tardigrades, and nematodes, months, 
and even years, may elapse without complete loss of capacity 
for revivification. It is generally admitted, however, that in 
cases of long-continued drought, the chances of revitalizing 
upon moistening are much diminished.* In the čase of seeds. 
it has been maintained that under certain conditions, such as 
are realized in the mummy-graves of Egypt, life may persist 
for more than a thousand years. However, the experiments of 
MiJNTER ('47), and more especially of KocHS ('90, p. 683), 
throw doubt upon this assertion, since they found that the 
ancient, charred seeds fell to pieces in water like lime. As 
for seeds preserved above ground in the ordinary way, KocHS 
was assured by seedmen that they could not remain capable 
of germination over 10 years. These facts go to show that 
gradual changes occur in the dry protoplasm which are prob- 
ably metabolic changes, i.e. vital changes ; and that therefore 
life is hardly extinct in the very dryest protoplasm. 

The whole matter of desiccation-rigor is, after.all, one with 
which we are familiar in nature's larger laboratory. Many 
Protista, when the ponds in which they live dry out, ency8t 
themselves and enter into a motionless condition in which they 
resist the hot and dry summer winds. Thus, they may lie for 
weeks, and, as experimentation has shown, they may be dried 
for several years (see Butschli, '89, p. 1663, for references) 
without loss of capacity for revivification. The same device 

* Thus Railliet ('02) sajs of Strongylas rufescens : *' I ha ve seen them 
regain their activity after 42 and even 68 dajs of desiccation. However, this 
activity is much 8lower in manifesting itself. After the course of a month a 
contact of 8 to 10 minutes is suificient to bring them back to movemeut. . . . 
After 68 dajs at least 50 minutes are required, and certain individuals have 
8hown activity only after 1 hour and 20 minutes. Moreover, the movements 
were limited, and only a small number of cases contorted themselves like ordi- 
nary Anguillulidse.** 
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for resisting deaccation is seen in the g«iimiiiles of spoiigi»;« 
and Bnrozodu the e^zs of m^inj animal.s> and the spores of manv 
plants. Thas si>aie procopla&m normallv responds to the 
stimulos of droaght bv goLog into desiccation-rigor. 

\\nule, as ire have seen, some protoplasmie bodies maj be 
dried as far as possible bv the ordinarr methods used in ehem- 
istrv withoat death ensuing. other bodies. especiallv the adult 
forms of higher organisms. who6e cellular re$piration is de- 
pendent npon a cirenlatii^ floid« aie killed bv desiccation. 
For loss of this floid or desiccation-rigor in the pnmping 
muscies will prodaoe aspbyxia. Bat these conditiiHis do not 
miiitate against the belief that there is no nece:ssaiy lower 
limit to the amoont of water which must occor in qiiieseent 
protoplasm in order that it mar retain vitalitj dnring a lim- 
ited period. 

^ 3. Ox THE ACCLIMATIZATION OF ObGANISMS TO 

DE5ICCAT10X 

We bare seen in the last section that certain organisms are 
more capable of resisting desiecation without fatal effect than 
others; e^. rotifers, tardigrades. and Tjlenehus. Now it is 
clear that these organisms are especiallv apt to become dried«. 
so that it is possible that their high capacitv for resistance bas 
been produeed bv acclimatization without selection. I shall 
here add certain other cases of resistance to drvness which I 
believe. but cannot prove, to have been thus produeed. Laxc£ 
(*94) bas mentioned. as alreadv stated« that onlv those tardi- 
grades which live in the moss of gutters (where thej* are 
altematelv wet and dried). and not those living in water« show 
the phenomenon of revivification. Certks ('^ž") bas found 
that. although marine Ciliata cannot, in general. withstaud 
desiccation. those from the chotts and saline lakes of Algeria 
mav be dried like those from fresh-water ponds and swam|i5. 
The difference in resistance between the forms dwelling in 
the sea and in inland salt-water ponds is doubtless due to the 
fact that the former are not regularlv desiccated, while the 
latter are ; consequently the latter alone have had a chance to 
l>ecome acclimated to desiccation. 
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§ 4. The Determination of the Direction of Move- 

MENT BY MOISTURB, — HyDROTAXIS 

This phenomenon has been described by Stahl ('84) in 
uEthalium. When this Myxomycete is placed in the dark upon 
a glass plate covered with several layers of moistened filter 
paper, it expands uniformly over the homogeneously moistened 
substratum. If, now, the plate be placed in a drying ehamber, 
the paper dries 8lowly, and one can see that the mass of the 
plasmodium draws towards those plaees which remain longest 
damp. If a dilute gelatine jelly is smeared upon a glass slide 
supported in a horizontal position about 2 mm. above the 
plasmodium, stili in the dark ehamber, the plasmodium sends 
up branehes, some of which may touch the gelatine and spread 
out over it. If the water dries stili further, the entire Myxomy- 
cete may become transferred to the slide above. If, now, the 
paper be moistened again, the plasmodium sends branehes down 
to it. Stahl's explanation is that of the old mechanical 
school. He says, the peripheral protoplasmic layer lying next 
the dryer region is poorer in water; while that next the 
damper part of the substratum contains much water. If it be 
assumed that the internal streaming tends to occur uniformly 
towards ali points of the periphery, it is clear that the dryer, 
more consistent part will offer greater resistance than the more 
fluid part, and in this part, therefore, branehes will tend to 
arise. In correspondence with the interpretations which we 
have hitherto placed upon similar phenomena I prefer to call 
this a čase of response to the stimulus of exce88ive moisture — 
in any čase it may be designated positive hydrotaxis. 

When, however, the plasmodium of ^thalium is in the fniit- 
ing stage, it retreats from the moister part of the substratimi, 
and other Myxomycetes in the fruiting stage show the same 
negatively hydrotactic tendency. Thus the same agent, water, 
stimulates the same organism, at different stages, to reverse 
movements. 

I will now summarize the conclusions concerning the eflfect 
of water upon protoplasm. Water constitutes by far the larger 
part of protoplasm and of ali active organisms. Metabolism is 
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dire€tly dependent upon it, and certain excretory processes are 
stimulated by it. The motion of protoplasm is likevrise de- 
pendent upon water, which determines the unstable condition 
of that substance. Desiceation, therefore, produces a rigor, 
and this may continue, in the absence of water, for months, and 
even years, the org^nism being, meanwhile, readv to awake 
to activity upon the retum of moisture. The degree of desic- 
eation which organisms can resist varies. In the čase of the 
higher organisms, it is slight ; in the čase of bodies especially 
adapted to resist drjness (spores, seeds, statoblasts), there is, 
perhaps, no practicably attainable limit to the drvness which 
their protoplasm may undergo without loss of power of revivifi- 
cation. The condition of desiccation-rigor is not known to be 
one of death which is replaced by life upon retum of moisture. 
It is probably rather a condition of minimum metabolism. 
The great resistance capacity exhibited by certain org^isms is 
correlated with their liability to desiccation in their natural 
surroundings. Finally, Myxomycetes (and probably other or- 
ganisms) respond to inequalities in the amount of moisture 
in their environment, moving either towards or from greater 
moisture. We recognize thus that the activities of protoplasm 
are to a large extent dependent upon the existence of water in 
it ; and that protoplasm reveals itself as sensitive to differences 
in the amount of moisture, responding by secretions, by the 
assumption of a quiescent condition, and by locomotion with 
reference to water. 
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CHAPTER III 

ACTION OF THE DENSITY OF THE MEDIUM UPON 

PROTOPLASM 

In this chapter we shall consider (I) the structure of proto- 
plasm and the phjsiological action of solutions ; (II) the eflfeet 
of densitjr upon the structure and general functions of proto- 
plasm ; (III) acclimatization to solutions of greater or less 
densitj than the normal ; and (IV) eontrol of the direetion of 
locomotion by densitj — tonotaxis. 

§ 1. Introductory Remarks upon the Structure of 
Protoplasm and the Physical Action of Solutions 

It is now generally recognized that protoplasm consists of 
two substances closely interwoven : the living plasma and a 
watery ehylema. The relation of the plasma and the chylema 
is stili a debated matter. Since the only theory of the struct- 
ure of protoplasm which has been experimentally tested is that 
of BiJTSCHLi, his theory is especially worthy of recognition. 
According to this theory, the relation of plasma and chylema is 
that of water and air in a foam-work. The whole protoplasmic 
mass is bounded and penetrated through and through by plasma 
films which envelop watery globules. It is with membranes 
constructed of such protoplasm that the physical phenomena 
of osmosis are exhibited.* 

Osmosis occurs when two aqueous solutions of different 
density are separated by an animal membrane, f Such a mem- 

* Excellent treatises on the physical and chemical nature of solutions, in- 
clading a discussion of osmosis, are : Ostwald, '91, and Whetham, '95. 

t Osmosis occurs likewise when such solutions are separated by inorganic 
walls containing pores of extreme fineness ; e,g. a wall of porous clay in which 
copper ferrocyanide has been precipitated. 

70 
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brane permits the f ree passage of water, but not of the dissolved 
substance, or rather, of the dissolved substance but slowly. 
Under these conditions, the water flow8 more rapidly towards 
the solution containmg the greater number of molecules (per cc). 
The theory of this movement is that upon the side containing 
the greater number of molecules of salt fewer water molecules 
will in a given time strike the membrane than upon the other 
side ; and since the number passing through is proportional 
to the number striking, relatively fewer molecules of water 
will consequently pass out, and so there will be a resultant flow 
of water to that side ; and if the mass of water is confined, it 
will exert great pressure. 

This phenomenon of osmosis plays an important part in 
organic life. Thus, under certain conditions, cells take in the 
surrounding water, so that their walls are put under tension 
(turgescence). The tension thus gained may be considerable, 
amounting to 6 or 7 atmospheres. Under other conditions the 
cells give up their water to the surrounding medium, thus 
losing their turgescence. This occurs when they are put into 
certain solutions of KNO3 or NaCl. The relation between the 
density of the internal and external fluids thus determines the 
intemal pressure experienced by the celi. 

A quantitative method of determining this pressure in the 
presence of various solutions has been employed by Pfeffer 
('77). Solutions of diflferent dry salts in different proportions, 
enveloped by a semi-permeable membrane, were placed in pure 
water, and the pressure upon a colunm of mercury determined. 
It was found, for example, that with a 1% solution of cane 
sugar a pressure of 47.1 cm. of mercury * was produced ; with 
a 1% solution of K^SO^, a pressure of 193 cm. of Hg. He 
concluded, as a result of his various experiments, (1) that the 
pressure is proportional to the concentration of the solution, 
and (2) that as the temperature rises the pressure increases. 

De Vries ('84) made a noteworthy advance, using plant 
cells as objects of experimentation and subjecting them to 
various solutions of substances f reed of water. He determined 
the degree of concentration which a solution of KCl must have 



* The pressure of 76 cm. of mercury equjils that of 1 atmoephere. 
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in order that no endosmosis or exosmosis should occur through 
the celi wall.* He next detennined the same thing for some 
other substances, e,g. KI, and found that the degree of eon- 
centration which produces no osmosis is, for two different 
Solutions, proportional to the molecular weights of the salts 
dissolved in them. Solutions whieh produce the same osmotic 
efiFect DE Vries called isotonic. A solution of 0.746% KCl is 
isotonic with a solution of 1.661% of KI, for the molecular 
weight of KCl is 74.6, and that of KI is 166.1. Thus the first 
result which de Vries gained was that the osmotic efifect of 
Solutions of salts of similar structure depends upon the number 
of their molecules in the solution. 

The second conclusion of de Vries was that salts of dis- 
similar structure have different osmotic properties, even when 
the number of molecules in the two solutions is the same. 
Thus, he found that with an equal number of molecules to the 
solution (molecular-weight solutions f ) : — 

(1) Ali salts of alkalis with one atom of metal to the molecule are 

isotonic (formula, R'A' [composed of a monad metallic 
radicle, E, and a monad acidic radicle, ^]); 

(2) AH organic compounds with no metal radicle have two-thirds the 

osmotic action of the first group ; e,g, cane sugar, CuHjjOn. t 

* As is well known, wheQ a fully developed plant celi is put into a strong 
saline solution the llving plasma sac separates from the celi wall and contracts, 
eventually, into a bali, — the result of the chylema flowing out of the protoplasm 
(plasmoly8is). The weaker the concentration, the less marked the plasmolytic 
phenomena. Finally, a concentration is reached so weak that the separation of 
the plasma sac hardly occurs or is limited to a single comer. This concentra- 
tion may be regarded as equal to that of the cell-sap — as that at which no 
osmosis occurs. (See Fig. 8.) 

1 1 shall use the phrase ^*molecular-weight solution ** to indicate solutions in 
the making up of which the molecular weight of the substance in grammes, dis- 
solved in 100 g. of water, is used as the unit of concentration. It will often be 
convenient to abbreviate it as MW% sol. Chemists frequently use as a unit 
solution, called ^^normal** solution, the molecular weight in grammes dissolved 
in 1000 g. of water. Our M W % sol. is theref ore equal to one-tenth of a * ^ normal ^ * 
solution. 

X The fact that glycerine can be absorbed by some plants has introduced a 
complexity into the determination of its isotonic coefficient. This determina- 
tion has been made the subject of a special investigation by de Vries ('88), who, 
by the use of 8lowly absorbing plants, has found the isotonic coefficient to be 1.78, 
which agrees approzimately with the number given above for organic compounds. 
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(3) Ali salts of alkalis with two atoms of metal to the moleciile liave 

four-thirds the osmotic aetion of (1) (formula, R^A"); e,g. 

(4) Salts of alkalis witli three atoms of the metal to the molecule 

have five-thirds the osmotic aetion of (1) (formula, /2, '-4'"); 
e.g. K,(C,H,0;). 

In other word8, the osmotic aetion of groups (2), (1), (3), 
and (4) are in the proportions of 2, 3, 4, 5. These last num- 
bers are the laotonic Coefficients of de Vries. In addition to 
these substances, de Vbies determined that the isotonic coeffi- 
cient is, in the čase of — 

salts of earthj alkalis with 1 acid radicle ; e.g. MgSO« . . 2 
salts of earthy alkalis with 2 acid radicles ; e,g, CaCl} ... 4 

In the third plače de Vbies established the law that each 
acid group and each metal has, in aH compounds, the same par- 
tial isotonic coefficients ; the coefficient of any salt is the sum 
of these partial coefficients of the constituent components. 
These partial coefficients are : — 

for each atom-group of an acid 2 

for each atom of an alkaline metal (Li, Na, K, Rb, Cs) . . 1 
for each atom of an earthy metal (Ca, Sr, Ba, Mg) .... O 

while of the compounds the isotonic coefficients are — 

KCl = 1 -h 2 = 3, MgS04 = 0-1-2 = 2, 

KjS04 = 2x1 + 2 = 4, MgCl, = + 2x2 = 4, 

K,(C«H A) = 3 X 1 -h 2 = 5, etc. 

The determination of isotonic coefficients has subsequently 
been extended by several authors, especially by Hambukoer 
C86 and '87) and by Massakt ('89). 

The work of Hamburger was done upon blood corpuscles. 
The method employed by him was as follow8 : In certain weak 
Solutions the hoemoglobin passes out of the red blood corpuscles 
of ox blood. The concentration at which it just began to ex- 
trude was determined for various salts, and it was found that 
these concentnitions were usuallv proportional to the molecular 
weights of the substances divided by certain whole numbers, 
which are the same as the isotonic coefficients of de Vries. 
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The work of Massart was done chieflj upon bacteria. He 
made use of the fact demonstrated by Pfeffer (see p. 41) 
that substances, which at a Iow concentration attract bacteria 
chemotactically, at a higher concentration repel them. He 
found that, in general, the repulsions exercised by the various 
dissolved substances are proportional to their isotonic coef- 
iicients, when the solutions are made up as MW solutions. 
Thus, when a 10 MW % concentration of a substance with iso- 
tonic coefficient 2 just begins to repel bacteria, a substance 
which just begins to repel in a 6 MW % concentration has an 
isotonic coefficient of 4.* 



§ 2. Effect of Varying Density upon the Structure 
AND General Functions of Protoplasm 

Under this head we may consider, (a) the effect upon the 
general structure of protoplasm ; (J) the modification of gen- 
eral functions, and (c) the production of death. 

* Starting from the observatioDS of Pfeffer and db Vries the modem school 
of physico-cheinists has greatly eztended our knowledge of solutions. As a 
result of their work it appears that the yalidity of de Vries' law will not hold 
8trictly for ali solutions at aH concentrations. For the number of effective 
particles in every solution of electrolytes, namely, of salts, bases, and acids, is 
greater than the number of molecules put into the solution ; because a certain 
proportion of the dissolved molecules break up or dissociate into their constitu- 
ent ionSi and the osmotic pressure is determined by the number of both 
molecules and free ions in the solution. In the čase of sugar, the alcohols and 
non-electrolytes in general, no dissociation occurs. In a normal solution of 
potassic chloride, on the other hand, 75.6% of the molecules dissociate, each 
forming two free ions. Since 24.5 % of the molecules are intact and there are 
151 free ions percent of the molecules introduced, the total number of mole- 
cules and free ions in the solution is 175.5% of the molecules introduced and 
the osmotic effect of a normal solution of KCl is 1.755 times that of a normal 
solution of sugar. The percentage of molecules of any electroIyte, as for 
instance KCl, which dissociate in solution increases as the strength of the 
solution diminishes, eventually becoming 100. Thus, in one-half the normal 
solution, 78% of the molecules of KCl dissociate ; at 0.1 times the normal solu- 
tion, 80%; at 0.01, 04%; at 0.001, 08%. Also, the percentage of molecules 
dissociated in normal solutions of different electrolytes varies. Thus, in such a 
solution of NaCl, 67.5% of the molecules are dissociated; of LiCl, 61%; of 
CaClj, 53% (each into 3 ions) ; of MgClj, 40%; of KI, 79%; of MgS04, 19%; 
of NasSO«, 35.6 % (each into 3 ions) ; and so on. Valuable and extensive tables 
for the determination of the percentage of dissociation at different concentrations 
will be found in Whetham, '95. 
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a. Since a protoplasmic mass is bounded by a film, permit- 
ting osmosis, it is clear that its characters may be greatlj 
altered by varying the degree of concentration of the solution 
in which it lives ; and we have already seen that tbey are so 
altered. 

When plant cells, with a rigid cell-wall, are put into dense 
Solutions, tlie water is drawn f rom the protoplasmic sac which, 
contraeting, is torn from the cell-wall. The salt solution pene- 
trates through the latter, but cannot enter the bounding plasma- 
film, which continues to eontract around the diminisbing glob- 
ule of water until only a small bali remains. 




Fio. 8. — 1. Yoiing, not more than ha]f-grown, cells from the cortical parenchyma 
of Cephalaria leacantha. 2. The same celi in a 4 % solution of potassiam nitrate. 
3. The same ceU in a 6% solution. 4. The same celi in a 10% solution. 1 and 4 
from nature, 2 and 3 diagrammatic, ali in optical longitudlnal section. h, celi 
membrane ; p, lining layer of protoplasm ; k, celi nucleus ; c, chlorophyU bodies ; 
3, cell-sap ; e, salt solution which has penetrated within the cell-membrane. (From 
Sachs : Pflanzenphjsiologie, af ter db Vries.) 



Put into pure water, on the contrary, the protoplasmic sac 
becomes distended, provided the celi sap contains an appro- 
priate solution, generally a plant-acid. Thus turgescence is 
brought about. 

The same effect of varied density upon the structure of pro- 
toplasm is observable among animals also. Thus, KChne 
('64, p. 48) and Czerny ('69, pp. 158, 161) found that Am(i»ba 
shrinks into a spherical mass when put into a 1% to 2% NaCl 
solution, and, when returned to fresh water, s\vells. Also, the 
character of the pseudopodia of Amiuba and Myxomycetes 
changes. They become more numerous and attenuated, so that 
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the whole form of the organism has been likened to a horse- 
chestnut with its shell on. (Kijhne, '64, pp. 48, 88 ; Czerny, 
'69, p. 159.) Zacharias ('84, p. 254, and '88) has described a 
similar phenomenon in the spermatozoon of Polyphemus pedicu- 
lus. When put into a 3% NaCl solution the spermatozoa lost 
their cylindrical form and protruded long pseudopodia. A 
remarkable fact about the pseudopodia, moreover, was that in 
locomotion they were used like flagella. Likewise, Fabre- 
DoMERGUE ('88, p. 102) and Massart ('89) have observed 
that the protoplasm of encysted Ciliata swell8 or contracts 
aceording as it is placed in a less or more dense medium ; the 
cyst thus being perfectly permeable by water. Massart has, 
indeed, obtained a rough quantitative expression of this state- 
ment, which is given in Tables X and XI, p. 87. Hambur- 






Fio. 9. — Blood corpuscles of the frog. 1, 2, normal; 3, 4, 5, varioas degrees of 
pla8molysi8 by solutions. a, nucleus and shnmken plasma; 6, water-filled 
spaces. (From Hakburoer, '87.) 

GER ('87) has found that dense solutions produce the same 
modifications upon blood-corpuscles (see Fig. 9). 

Again, Gruber ('89) has found those individuals of the 
heliozoon Actinophrys sol which live in fresh water different 
from those wliich live in the sea, and he has produced that dif- 
ference artificially. In the marine variety the plasm is dense, 
granular, free from vacuoles ; while that of the fresh-water 
kind is extraordinarily rich in vacuoles, and has even a foamy 
appearance. If a marine form is gradually accustomed to fresh 
water its protoplasm soon acquires a vacuolated structure which 
renders it indistinguishable from the fresh-water one. Gruber 
also accustomed fresh-water Actinophrys to sea water, when it 
acquired the structure of the normal marine form. Likewise 
the marine Amceba crystalligera, which has a dense protoplasm, 
becomes vacuolated after being accustomed to fresh water. 
Also, ScHMANKEWiTSCH ('79) has found that when the fresh- 
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water flagellate Anisonema acinus, Butschli, is cultivated for 
many generations in water to which sea salt is gpraduaUj added, 
its structnre is modified with the increasing densitj. The in- 
dividuals become smaller and their feeding canal is not well- 
formed. Another change, which has been studied only in 
Vertebrates, is loss of weight. Bebt ('71) found that a gold- 
fish plunged into sea water loses 67% of its weight, and that 
young eels lose 10% to 17%. This faet also is clearlj what 
we should expect from the theory of aetion of solutions^ aeeonl- 
iiig to which the weak solutions of the body eavity should lose 
water. Thus, the changes produced in the structure of proto- 
plasm by more or less dense solutions are chiefly the results of 
osmosis. 

ft. Among the funetions of protoplasm, general movements 
(with locomotion) and excretion seem to be most markedly 
affected by den8ity. Thus, KChne ('64, p. 48) found that, when 
first subjeeted to a 1% NaCl solution, the movements of Ama?ba 
beeame more lively for a moment. Engelmann ('68, p. 343) 
noticed the same acceleration in movement in the cilia of the 
epithelium lining the frog's oesophagus when subjeeted to pure 
water — hence, to a weaker solution than the normal celi fluid. 
Even after death, fresh water causes a transitory activity in 
the cilia. In aH cases, after a minute or two (1% solution) the 
movements begin to diminish, until at last they cease. This 
cessation of movement, whether due to loss or inibibition of 
water, is not necessarily death. For, if the abnormal con- 
centration has not acted for too long a time, the movements 
retum when the protoplasm is placed again in its normal fluid. 
(KuHNE, '64, p. 48; Engelmann, '68, p. 343.)* At a certaiu 

* A similar cessation of movement occurs when the lower organ isms are sub- 
jeeted in water to verv great pressures. Esperiments ujKin this phonomenon 
have been made chiefly by Regnard ('84, '84»-'84'*, and '8(5), Ckrtks ('84, 
'84*), and Kooer ('05). Regnard was able, by the use of a special appamtus, 
to subject beer yeast, in water, during 1 hour, to a pressure o( 1000 atmi^pheivs 
(about 1000 kilograms per 8q. cm.). When yeast so subjeeted was then placed in 
sugared water, it showed at first no activity. It wa8 not dead, however, but had 
fallen into a latent life ; for 1 liour after it had been relieved from pressure it 
revived and fermentation set in. Some alga\ Infusnria, and actinians, subjeeted 
to 600 atmoepheres during 10 to 60 minutes, or to 300 atmi>spheres for 24 hours 
(Certes, '84), exhibited a similar temporary rigor. Likewise muscle at 200 to 
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strength, however, varying for different individuals (Engel- 
MANN, CzERNV), death rapidly ensues. Thus Amoeba quickly 
breaks up in a 10% solution, and the ciliated epithelium of a 
frog'8 throatin a 2.5% solution. Four phases in the action of 
concentrations may thus be observed : stimulation, retardation, 
density-rigor, and death. Even in concentrations at which 
motion is not entirely inhibited, locomotion may be interfered 
with. Thus, RiCHTER ('92, pp. 37-40) found that while normal 
Tetraspora swarni-spores move at the rate of about 60/a per 
second, or else rotate about 100 times per minute, those in an 
11% solution hardly move from their place, or sometimes 
move one-eleventh as fast as the normal swarm-8pores. While 
it is possible that the dense water affords a mechanical obstacle 
to locomotion, it seems more probable that it is the general 
diminution of activities which causes the 8low migration. 

The modification of excretion by abnormal concentrations 
has been studied especially by Rossbach ('72). This experi- 
menter worked upon fresh-water Ciliata (which alone possess a 
contractile vacuole) by subjecting them to a 0.5% solution of 
NaCl. The contractile vacuole became diminished almost to 
invisibility, and the interval between contractions was in- 
creased. In a 1% solution of sugar a reduction in size of the 
contractile vacuole occurred, but this was not so marked as in 
the čase of the 1% NaCl solution. This is what we should 
expect according to theory, for the number of molecules in a 
1% solution of sugar (mol. wt., 342) is much less than in a 1% 

solution of NaCl (mol. wt., 58.5), and their relative osmotic 

2 3 

action is as - — r^ : - — -^^-p* ^^ ^s 0.002 : 0.017, or as 2 : 17. 

The phenomenon of contracting vacuoles seems not to be 
confined to Protozoa. It occurs in the embryos of some Mol- 
lusca, especially the stages of fresh-water Pulmonates, upon 
\vhich my friend. Dr. Kofoid, performed some density experi- 
ments. The early cleavage and blastula stages of many fresh- 
\vater Pulmonates contain a central fluid-filled vacuole, which 

300 atmospheres loses its contractility, and at 400 atmospheres becomes rigid 
and hard. It also increases immen8ely in weight by the addition of water. 
HooER pointed out that, subjected for 2 minutes to a pressure of 3000 kilograms 
per sq. cm., certain bacteria (Streptococcus) are even killed. 
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undergoes periodic enlargement and discharge as in the čase of 
the contractile vacuole. Kofoid ('95, p. 104) found that 
\vhen eggs of Physa and Amnicola were placed in a 0.19% or 
0.10% NaCl solution, the contents of the central cavity, once 
extruded, were not so quickly restored as in the control eggs, 
and that the maximum volume attained by the vacuole in the 
salt solution was less than that attained in fresh water. For 
example, " the cavity of the control eggs attained a diameter of 
5 to 7 units, while that of the eggs in the salt solution was 
only 3 to 4 at the tirne of elimination. There were, however, 
a very few cases in which the cavity reached a diameter of 5 
units." Of interest is the additional fact that marine Gastro- 
poda do not seem to have a " cleavage " cavity, but that this is 
confined to eggs developing in fresh water or moist situations. 

The effect of density upon the higher animals is very com- 
plex, according to the observations of Bert ('71) upon the 
gold-fish. Plunged into sea water it shows violent, unco- 
ordinated movements ; then it becomes immobile, and rises to 
the surface by virtue of its relatively lower specific gravity. 

The effect of fresh water upon marine organisms is equally 
striking, as Gogokza* ('91) has shown. They go immediately 
to the bottom and move with difiBculty. Swimming animals 
swim badly if at aH, and small fishes have to make much exer- 
tion to rise to the surface. The sensibility also undergoes 
great changes. Many animals soon become lethargic. Echino- 
derms and moUuscs act as if anaesthetized, since they do not 
respond as quickly as usual to external stimuli, and, finally, 
pass into complete paralyEis. The actipn is slower upon 
Crustacea and fish; but here, too, fresh water acts as an an- 
acsthetic. The respiratory movements become deep and rapid, 
bivalves extend their branchiae, and Crustacea beat the water 
rapidly with their appendages in order to renew the supply. 
Animals ordinarily transparent, like medusae, become opaque ; 
first externally, then internally. The cornea of fish becomes 
opaque and the external slime coagulates. The tissues become 
swollen, so that sof t-bodied animals are visibly def ormed — in 



* For an abstract of the work of Gogorza, I am indebted to the kindness of 
Mr. F. C. Waite. 
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fishes the eyes are forced out, the foot of gastropods 8wells, the 
blood corpuscles swell up and burst, and muscular tissue may 
increase as much as 6 times in volume. The enlargement of 
the different tissues is exhibited in the following table, which 
8hows the percentage increase in weight and volume of organs 
of Scyllium canicula, placed in fresh water. 





AlTKB 2 HOUBS. 


ArrBR 94 Houbs. 




%IiicreMein 
Weight. 


% IncreaMln 
Volome. 


%Inor««sein 
Weight. 


%IncreaMia 
Volome. 


Muscular tissue .... 
Glandular tissue . . . 
Nervous tissue .... 


15 
12 

20 


50 



50 


20 
19 

60 


200 
100 
250 



Ali of these phenomena are clearlj explicable upon the assump- 
tion of their production by endosmosis. 

C. The pressure due to dense solutions may become very 
great, amounting, as I have said, to many atmospheres. So it 
is not surprising that a change of medium may rend cells or 
at any rate kili organisms. This result may be brought about 
either when the denser sohition is inside of the body or outside ; 
the former čase is realized when marine animals are plunged 
into fresh water, the latter when fresh-water animals are 
plunged into solutions of salts. Studies upon the fatal effects 
of varying the concentration of solutions have been made by 
Bert ('66), Plateau ('71), Coutance ('83), Ringer and 
BuxTON ('85), DE Varignt ('88), Massart ('89), Gogorza 
('91), and Richter ('92). 

Bert's ('66) studies were made upon marine fish which he 
plunged into fresh water. In a vessel holding 4.8 litres of 
fresh \vater, a mullet died in 44 minutes, and a Sparus in 86 
minutes. Since the fishes lived longer in a sugar solution, 
Bert concluded that death was due to diminished density of 
the medium. In this conclusion he was nearer the truth than 
his immediate followers in this work. 

Plateau's ('71) observations were made upon ali classes of 
Invertebrates, but especially upon Arthropods. He subjected 
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them to Solutions both more and less dense than the normaU 
and determined their resistance periods. As a result of sub- 
jecting fresh-water animals to salt solutions, he found that 
their resistance period diminished approximately as the thiek- 
ness of the skin (^and cuticula) diminished. Thus, when plunged 
into sea water (3.046% salts) adult water insects resisted in- 
definitely ; insect Iarv<e 6 to 4 hours ; Entomostraca less than 
an hour ; Nephelis, 5 to 7 minutes ; Planaria, 4 minutes ; and 
Hydra onlv 1 minute. Gogorza ('91) got similar results, find- 
ing the resistance capacitj of the different g^ups to diminish in 
this order : molluscs, erustaceans, fish, worms, tunicatea, echino- 
derms^ ccelenterates. So we may consider this relation between 
resistance period and thickness of covering a general law of 
resistance ; and it is what we should expect upon the theory 
that the solutions act osmotically. 

By subjecting organisms to separate solutions^ each contain- 
ing 3% of the various salts found in sea water, Plateau was 
able to show that NaCl produced the most important e£Fect> 
MgCl, the next most important effect, and MgSO^ stili less. 
This is shown by the f ollowing — 



TABLE IX 

Resistance Pbbiods of Frb8h-water Chustacea to Vabious Co h st i tp eh ts 

OF Sea Salt. Tempbbatube hot oiten 

(Nambera indicate minutes eUpsiog before deBth occuired) 



Sracns. 


Mol. Wt„ 56.5; 
I.C., 8; OsMOTic 

o 
IXPKX. . 


8%MgCl^ 
Mol. Wt.. 95; 
I.C.« 4; OsMonc 

l!VDKX, — . 

95 


8%M):SO*. 

Mol. Wt.. 120; 

I.C., 2; OsMonc 
o 
Ikdbz, -=-. 
120 


Sea 

Watu. 


Gammanis roeselii. . 
Asellus a<iiiaticus . . 
Daphnia siina .... 
Cvclops quadricornii» 
Cvpris f usca 


105 

155 
7.8 
12.1 
26.7 


131 
1162 

19.5 
37 
223 


520 

2000 

87 

690 

460 


230 
160 

22 
257 

36 



Although from this table it seems clear that there is an 
inverse relation between resistance period and osmotic index, 
Plateau did not believe that the death of the animals experi- 
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mented upon was due alone to the osmotic action of the salts. 
To this conclusion he was led by an unfortunately devised 
experiment. He compared the action of several pairs of solu- 
tions, one of the members of the pair being a salt, and the 
other member sugar, the dissolved substance of each having 
the same gross weight. In aH cases the aption of the salt 
was the more powerful. But this is what we should expect 
upon the theory that death is caused by osmosis, since the 
osmotic index of sugar is far lower than that of any of the salts 
with which comparison was made. 

Let us now ascertain the relation between the resistance 
period and the "osmotic index." To determine the relative 
resistance periods for any species in the different salts, we may 
take as our unit the average resistance period to aH the salts, 
and express the separate resistance periods in terms of that 
unit. To determine the osmotic index, we divide the isotonic 
coefficient by the molecular weight» The resistance periods 
will vary inversely as the osmotic indices. For the salts, NaCl, 
MgClg, MgSO^, the reciprocals of the osmotic indices are : 19.6, 
23.8, 58.8 ; and the mean relative resistances are : 19, 63, 217. 
From this comparison it is seen that while the reciprocals of 
the osmotic indices increase roughly from 1 to 3, the relative 
resistance period inereases from 1 to 11 ; or the resistance 
period inereases more rapidly than the reciprocals of the osmotic 
indices, and roughly as the squares of those reciprocals. 

At about the same tirne with Plateau's work was published 
that of Bert ('71). The work of the latter was done chiefly 
upon f resh-water fishes ; incidentally, upon f rogs and some 
fresh-water Arthropoda. These were plunged directly into 
sea water, and their resistance periods determined. Some 
species showed an extraordinary variability in their resistance 
period; sticklebacks (Gasterosteus leiurus) from the same 
locality (about Pariš) resisting for from 2 hours to 1 month 
or more. 

A decided advance was made by Bert in observing that the 
resistance period varies with the temperature ; thus, the 
European minnow (Phoxinus IsBvis) died in sea water — 

at 9° C. in 30 minutes, at 22° C. in 14 minutes, 

at 14° C. in 2b minutes, at 28° C. in 9 minutes. 
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Thus, in this čase there is a diminution in the resistance period 
of approximately 1 minute for every degree of increase in the 
temperature. 

Similar observations have been made by others. Gogorza 
('91, p. 242) finds that in aH animals, at a low temperature, the 
resistance period is 2 to 3 times as long as at a high temperature. 

In connection with these facts, it is to be noted that osmotic 
pressure increases with temperature, indeed, is proportional to 
the absolute temperature. (Ostwald, '91, p. 114.) But as 
we are not able to say \vhat relation exists between osmotic 
pressure and resistance period, we cannot say whether the above 
table agrees with the physical law. 

Finally, we may discuss the question of the relation between 
the strength of the solution and the length of the resistance 
period. Data for this discussion are afforded by the extensive 
observations of Gogorza. This author disclaims having found 
any mathematical relation, but his tables, properly treated, do 
show such a relation. The resistance periods depend upon so 
many factors that the times obtained by subjecting one animal 
to different concentrations of a salt cannot be directly compared 
with those obtained from another animal. It is the relative 
resistance periods only that can be thus compared.* Gogorza's 
concentrations were obtained by subjecting marine animals to 
mixtures of marine and fresh water. No. 1 contained 100 ^J 
sea \vater ; No. 2, 75%; No. 3, 66%; No. 4, 60%; No. 5, 33%; 
No. 6, 25%; No. 7, 0%. Averaging the relative lengths of 
life of 22 species which died in 75%, or weaker percents of 
sea water, and comparing with the percentage of salts in various 
concentrations (the density of Mediterranean sea water being 
taken as 1.037), we get — 



No. or Solution 



% of salt in solution . . 

Rel. resist. per 

Log. of rel. res. per. . . 
Log. rel. res. per. x 1.7 



1 


8 


3 


4 


ff 


6 


3.7 


2.8 


2.5 


1.9 


L2 


0.9 


Indef. 


50.0 


28.3 


10.83 


5.44 


3.46 


1 


1.7 


1.45 


L04 


0.73 


0.54 


( 


2.9 


2.5 


1.7 


1.2 


0.9 



0.00 
1.84 



* The relative resistance periods are calculated by the method described 
on p. 82. 
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The curve 8hown in Fig. 10 is conatructed from the second 
and third lines of thia table. The table 8hows that, within the 
limit« of 2.8fo and 0.955j concentration, the curve is a logstrith- 
mic one, i.e. as the ordinates increase the abscissse increase 
as the logarithms of the ordinates. In line 4 are given 
the (Briggs') loga- 
rithms of the num- 
bers in line S, aud 
in line 5 these loga- 
rithms are each mul- 
tiplied by a constaut, 
1.7, which gives a 
series of numbers 
closely similar to 
that of line 2. The 
relation between 
density and resist- 
ance period can thus 
be espressed by the 
equation 

i) = i. log. R, 

in whieh J) stands f or 
density ; B, for re- 
sistauce period ; and 

Fia. 10. — Curve shoiriDg relation between the per- i is a COnstant who8e 

CBDlage of salt Id miitures o/ freah and uit water ^^^^^ depends Upon 

(absciBste) and the nieaD realsiauce perioda Id hours , 

of rariom oTganismB plnaged thereln (ordinates). the 8ystem 01 loga- 

CoDBtructed from tbe table. (Alter data of Go- rithms emplOTed. 

™''"' ' This formula may be 

transformed into the equiTalent : R = e^, in which e is the 
base of the Naperi an 8ystem of logarithms. Since the 
osmotic i)ressure is proportioual to the concentration (p. 71), 

it follows also tliat R = e^ where O standa for the osmotic 
pressure and k' for a new coiistant. The same relation holds 
when we compare the reciprocals of the relative resistance 
periods — or the relative rapidity of killing — and the abso- 
lute diminution of concentration. 
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§ 3. ACCLIMATIZATION TO SOLUTIONS OF GrEATER OR LeSS 

DeNSITY THAN THE NORMAL 

In the preceding section we saw that different organisms had 
a diverse resistance period to the same density of solution. In 
part, this may be accounted for, as we have seen, on the ground 
of a difference in the rapidity of osmotic action — thick-skinned 
animals resisting longer than thin-skinned ones. Ali diversity 
in the effect of solutions, cannot, however, be accounted for on 
this ground. Thus, the moUuscs of the sea and those of fresh 
water appear to have an equally pervious epidermis, yet the 
former will, of course, withstand a much stronger solution of 
salt than the latter. This difference in resistance capacity 
seems closely correlated with the conditions of the medium in 
which the organism has been reared. Thus, Beudant ('16) 
found that littoral species (living, therefore, in a part of the sea 
wliere the water is much diluted by rivers), e.g. Ostrea, Mytilus, 
Patella vulgata, resist fresh water better than deep-sea species; 
and this discovery has been abundantly confirmed by de 
Varignv ('88).* 

That the conditions of density of the culture medium deter- 
mine the resistance capacity is proven by experiment, for, by 
varying the density of the culture solution, we may vary the 
resistance period of the individuals experimented on. Beudant 
('16) was the tirst to show this. He used Lymnea, Physa, 
Planorbis, Ancylus, Paludina, and some otlier fresh-water Mol- 
lusca. He began in April by putting these organisms into a 
1% NaCl solution, and, continuing to add salt 8lowly, by Sep- 
tember many of these withstood a 4% solution — a solution 
which kills animals 8uddenly subjected to it, He performed 
likewise the reverse experiment upon marine MoUusca (Patella, 

* The cxtremes of density in which organisms are capable of living are often 
considerable. On the one hand, the individuals of some species, especially fish, 
are able to migrate f rom fresh to salt water and back, with impanity . On the 
other hand, many species of a family, the other members of which are marine, 
have become accustomed to fresh water. Examples of this last čase are the 
hydroid Cordylophora lacustris, the mollusc Dreissena, and the cndoproctan 
bryozoan Uruatella^ Likewise, some marine species have come to live in exces- 
sively salt water. Such, for cxample, is the čase with Artemia salina which 
lives in Salt Lake, Utah, containini: ovor 22% of salts. (Leidv, 72, p. 165.) 
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Turbo, Arca, Cardium edule, Mytilus edulus, etc.) bfinging 
them to live in fresh water by graduallj dilutiug the mediuni. 

Plateau ('71) gradually accustomed the fresh- water Asel- 
lus aquaticus to pure sea water, so that even in mixtures con- 
taining between 20% and 80% of sea water they laid eggs and 
produced a second generation. The second generation lived 
108 hours in pure sea water, while Asellus freshly taken and 
plunged into sea water live only about 5 hours. 

Not only the larger organisms, but also tissues and Protozoa 
may become acclimated. Roth observed in '66 (p. 190) that 
cilia become " accommodated " to gradually increasing densi- 
ties ; Engelmann ('68, p. 343), however, denied, though with- 
out critical experiments, the validity of this conclusion for the 
čase of the ciliated epithelium of the frog's throat. Later, 
CzERNY ('69, p. 161) succeeded in acclimating Amoeba to a 4% 
solution of NaCl, although Amoeba rarely resists 1% when sud- 
denly subjected to it. 

These early experiments have since been greatly extended, 
observations having been made upon nearly ali groups of organ- 
isms — upon alga?, by Richter ('92) ; upon MyTcomycetes, by 
Stahl ('84) ; upon Actinospherium, by Verworn ('89, p. 10) ; 
upon bacteria, Flagellata, Ciliata, and Hydra, by Massart 
('89) ; upon Ciliata, by Fabre-Domergue ('88) ; upon Ci-us- 
tacea, by Plateau ('71), Schmankewitsch ('75 and '77), 
and Bert ('83); upon the tadpoles of f rogs, by YuNG ('85, 
p. 520) ; and upon representatives of almost aH of the principal 
groups, by de Varigny ('88) and Gogorza ('91). 

The aims and methods of these experimenters have been 
very diverse. Some have sought merely to illustrate how 
marine organisms may have come to live in fresh water, or the 
reverse. Such have usually made mixtures of fresh and salt 
water, the proportions of the one gradually increasmg (de 
Varigny, ScHMANKEWiTSCH, Gogorza), or they have added 
sea salt, dry or in solution, to the normal fresh-water medium 
of the organism (Yung). Massart, on the other hand, having 
in mind the more fundamental problem of the action of density 
upon protoplasm, has employed solutions of a single salt at a 
time — solutions, moreover, based usually upon the osmotic 
index of the salt as a unit of concentration. 
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Athough there bas been a gradual improvement in methods, 
the conditions other thaii that of concentration hsve too often 
been omitted from consideration. The omission of tbe tempera- 
ture of tbe experimeut soIutions is especially imfortunate, for 
according to Gooorza ('91, p. 270), acclimatization is more 
ea8ily effected at a. low temperature than nt a bigb one. 

Of the papers mentioiied above, that of Massabt is especially 
wDrtby of eitended notice from its quantitative iiature. He 
subjected cy8ts of Ciliata to various concentrations of KNO, 
and noted tbe eETect upon the protoplasm. In tbe following 
tables, tbe Srst liue of numbers names tbe solution in parts of 
tbe molecular weigbt espreBsed in grammes. Tbe symbol8 in 
the columns headed by tbese numbers bave tbe follovring signifl- 
cations: O, no effect; v, tbe cysts possess a large vacuole wbose 
pulsations are infrequent; vp, the vacuole is stili prominent 
but plasmolysi3 is occurring-, p, the plasmoly'sia is more marked 
and tbe vacuole is gene; P, tbe pla3moly8iB is so marked that 
tbe form of tbe infusorian is lost. The results given in tbe 
third and fourtb lines were obtained from individuals acclimated 
for 22 hours to a 1.8 MW 5fc and to a 3 M\V % solution of 
KNOg re3peGtiveIy. The observations were made immediately 
after immersion of tbe Gyst8. No mention is made of the 
temperature. 

TABLE X — VomcBLLt 



lIcsDmumB OT Molkul.« Wuo>1t. 


OJi 


1.0 


l.S 


a.o 


».s 


3.0 


SJl 


«.o 


tM 




" 


" 


v p 


vp 


P 
v p 


P 

cp 
rp 


P 
P 


P 
P 
P 




A«limfttedU>1.8% 

Acclimated to 3.0% 


P 
P 



TABLE Xl — CoLPODA 



HmDutmn or Molmtuk n.iBi.t, 


O.a 1.0 i^ 


aM 


'■" ^" 


3.= 




Viiacclimateil 

Acclimated to 1.8 MW%. . . . 
AcditHate<lto3.0M\V% 


U K 





" 


" 


vp 

P 


P P 
P P 
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If we take as our iinit in Table X the concentration repre- 
sented by vp^ and in Table XI the concentration represented 
by v, we may conclude that the subjection for 22 hours to a 
1.8MW%ortoa3 MW % solution of the salt has given a 
resistance capacity of between 2 and 3 times the normal.* 

The question now arises, what is the cause of this increased 
resistance capacity ? It is not merely apparent, resulting f rom 
the selection of the more resistant individuals, thus elevating 
the mean. It is clearly due to a diminution in the intensity of 
osmosis; and this must be due to the establishment of an equi- 
librium between internal and external osmotic pressures. 

Now, this equilibrium can only be brought about by the 
den8ity of the internal fluids becoming equal to that of the 
external medium; and this requires that the salt held in solu- 
tion shall traverse the bounding protoplasmic films, gaining 
the interior. That such a traversing occurs has been argued 
by Massart ('89), who has himself produced new evidence for 
this conclusion. As is well known numerous pigments in 
solution penetrate to the nucleus of the living protist. Potassic 
nitrate (Janše, '87, p. 22), glycerine, and urea (de Vries, 
'88 and '89) have been observed to penetrate protoplasm.f 
That NaCl does the same thing has been shown by many 
observers. Thus, Emery ('69) found that when a frog is 
placed in a salt solution and is left there for some time, then 
rinsed in water until na salt appears in the washings, and, 
finally, put into pure water, salt is given forth from the epider- 
mis (precipitation on adding sil ver nitrate). Likewise Plateau 
('71, p. 20) found that various fresh-water Arthropods reared 
in a salt solution excreted an unusual amount of salt ; and 
Frederic ('85) has determined that the quantity of salt in the 
blood of Carcinus varies from 3.1% to 1.5%, according to the 

* a few data conceming proper acclimatization cultures to NaCl may be 
found useful. To acclimate bacteria 0.003 to 0.009 M\V % may be added daily ; 
Oscillaria, 0.01 M\V %, added monthly ; Anabaena and Tetraspora, 0.018 M W %, 
added monthly ; Ciliata, 0.003 M W %, daily ; Hydra viridis, 0.001 MW %, daily 
for 6 day8 ; Tubifex, 0.02 MW %, daily ; tadpoles, 0.004 to 0.014 MW %, daily. 

t A fact observed by Bert (71) suggests that some solids are taken into the 
body in acclimatization ; for, he 8ays, fre8h-water fishes acclimatized to sea 
water gain in weight, and when placed in fresh water fall to the bottom. The 
fact that they fall to the bottom indicates that their specific grayity is increased. 
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densitj of the salt solution in which it has been reared. Finally, 
Massart has shown, by a new method, that several soluble 
organic compounds can perraeate the bounding cell-film of 
Flagellata. Thus, if after permaneiitly plasmolyzing Polytoma 
iivella by a 0.02 MW % solution of KNOg, a 0.01 MW % solu- 
tion of saccharose be added to the solution, the protoplasm soon 
regains its norraal form, apparently by absorption of saccharose, 
since the cell-wall is impermeable to KNOg. By the same 
method, potassium acetate, calcium butyrate, calcium phosphate, 
glycerine, ammoniima tartrate, asparagine, glycose, sodium 
benzoate, salicin, and phloridzin can be sho\vn to permeate the 
protoplasm of this flagellate. Ali these facts point to the con- 
clusion to which physicists had arrived concerning dead animal 
membranes, that protoplasm admits the slow penetration of the 
dissolved salts, and thus effects the eventual equilibration of 
internal and external densities. 

In conclusion, a \vord may be said concerning variability in 
capacity of acclimatization. The data afforded upon this sub- 
ject by RiCHTER ('92) are the most valuable. He was able to 
acclimatize Tetraspora to 16% (0.27 MW %) NaCl, \vhile 
Spirogyra would not withstand, under like treatment, 0.5% 
(0.0085 MW %). It is clear then that, just as the resistance 
capacity varies, so also does the acclimatization capacity. 

§ 4. control of the direction of locomotion by 

Density: Tonotaxis 

Three authors only, so far as I know, have concerned them- 
selves with this phenomenon, — Stahl ('84), Pfeffer ('84, '88), 
and Massart ('89, '91). Stahl ('84) observed that plasmodia 
of Myxomycetes withdrew from solutions either denser or less 
dense than the normal, and concludes that the action is not a 
simple, directly explicable one, but is rather a highlv compli- 
cated irritability phenomenon. The observations of Pfeffer 
were incidental to his study of chemotaxis. He found that 
high concentrations of many substances acted repulsivelv, and 
he was at first ('84, p. 455) inclined to attribute this rej)ulsion 
to osmotic action, but later ('88, p. 624) he believed this vie\v 
disproved. The disproof he considered to lie in this, that 
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the repulsive quality varies with the quality of the substance 
— inay occur even in substances which are not attractive at 
any concentration. Pfeffer is, therefore, inclined to regard 
strong, repelling solutions as acting in a different fashion from 
attractive ones. Just as strong sunlight may repel organisms 
attracted by weak light, — both phenomena being light phe- 
nomena, — so the repulsion and attraction of solutions may 
both be regarded as chemical phenomena. 

The work of Massart brought evidence against Pfeffer's 
conclusions, and added many important data. His studies 
were made chiefly upon bacteria, to a less degree upon Flagel- 
lata, Hydra, the frog, and the human conjunctiva. The results 
of the studies showed that neutral solutions of a certain con- 
centration repel, and that the repulsion is proportional to their 
isotonic coeflScients and inversely proportional to their molecu- 
lar weights, and, therefore, that the repulsions are purely 
osmotic phenomena. 

The conclusions of Massart thus summarized were obtained 
by the use of special methods, which gave quantitative results. 
So they are worth detailed consideration. A drop of liqmd 
containing bacteria is suspended from the under side of a 
cover-glass in a moist chamber \vhose side walls are formed of 
cardboard, and whose top is the cover-glass. Into the drop, 
glass capillary tubes similar to those used by Pfeffer are in- 
troduced, fiUed with the solution whose action is to be studied. 
In addition to this solution ali the tubes should contain ^^^^^^^ 
MW % (0.00691 gr. %) KgCOg for the purpose of attracting 
the bacteria. When a tube containing only this dilute solution 
of KgCOg is put into the drop, bacteria crowd into it and liter- 
ally fiU it in from 20 to 30 minutes. But when a series of 
increasing solutions of a neutral salt like NaCl is added to the 
KjCOg, the organisms at first do not crowd in so rapidly, then 
remain at the mouth, and, finally, are repelled from the tube 
opening. Massart has tabulated the results obtained with 
Spirillum upon using tubes containing different chemical sub- 
stances in different degrees of concentration. One of these 
tables, in slightly modified form, is reproduced here. In this 
table, A indicates that the bacteria entered the tube readily ; 
a, that they merely gathered about its mouth ; o, that they 
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were repelled. The numbers at the heads of the columns are 



the different values of n in the formula, 



n 



1000 



MW %. Since 



the different solutions were made up on the basis of molecular 
weights, ali solutions of a given concentration contained the 
same number of molecules. 



TABLE Xn 
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From this table it appears that, as a rule, solutions of y^^ 
MW % and over are repelled, while those of -j^jV?^ or under, 
except in the čase of KCN, permit the free migration of the 
bacteria into the tube. 

In the čase of those substances whose isotonic coefficient is 
4, solutions of y^^ MW % and over always repel, and those of 
Y^^ in the majority of cases permit free migration. In the 
čase of those substances whose isotonic coefficient is 2, solutions 
of over yJ^"o^ ^^^ % repel, and those of under ^-^-^ usuallj 
permit free migration. The solutions at which repulsion just 
occurs in the three cases are in the ratio 10 : 7 : 6 ; which is 
nearly the same ratio as the reciprocals of the isotonic coef- 
ticients, \vhich, multiplied by 2 run, 10:i}.6:5. Thus the 
conclusion seems justified that the rej^Uing action of these 
substances is proportional to their isotonic coefficients, and is, 
therefore, probably osmotic in its nature. 

In a second work, Massart ('01) has studied this matter 
\vith the aid of new methods. A drop of sea water containing 
bacteria is prepared as before, on a cardboard ring, but, in plače 
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of a capillary tube containing a dense solution, grains of NaCl 
are plaeed at one point of the margin of the drop. These 
grains graduallj dissolve, their moleeules gradually diffuse 
through the drop, and as they do so the baeteria retreat before 
them, remaining in the zone of least concentration. Again, a 
drop of distilled water was plaeed alongside of the drop of sea 
water containing Spirillum, and the two drops were connected 
by a communicating canal of \vater (Fig. 11). As the dis- 






DMill^d icaUr. 



DUtilUd waUr. 



JHttilled ieater. 



Fio. 11. — A <irop of sea water connected with a drop of distilled water (in lower part 
of diagrams) . The marine baeteria of tbe former retreat before tbe encroachment 
of the latter. (From Massart, '91.) 

tilled water mingles with the sea water at one mouth of 
the commiuiieating canal, the baeteria retreat further and fur- 
ther from that mouth, keeping in the most concentrated part 
of the drop. Finally, when a drop of sea water is connected 
-svith one of distilled \vater, and granules of NaCl are plaeed 
in the drop of sea water, the baeteria, retreating from the zone 
of too great concentration penetrate into the drop of distilled 
water (Fig. 12), where they now find the proper concentration. 
Thus, Spirillum is sensitive both to solutions denser and to 
those weaker than the normal (hyperisotonic solutions and 
hypisotonic solutions, Massart). 



In summing up the observations of this section, we notice 
that some organisms (for Massart found some non-sensitive 
baeteria) are sensitive to concentration. This sensitiveness is 
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ClNa 



ClNa 



ClNa 



CINa 



ClNa 




Fio. 12. — A drop of sea water jolned by a canal with a drop of distilled water. The 
densitj of the sea water is being gradually iDcreased in the successive figures by 
the dissolution of grains of salt placed at one edge. As the solation thickens, the 
organisms (marine Anophrjs, represented by dots) retreat toward8 the distilled 
water. (From Massart, '91.) 

such that they are repelled by either hjrperisotonic or hj-piso- 
tonic Solutions ; only in a certain concentration do they come 
to rest. We may speak of these organisms as attuned to 
this concentration. Different organisms are attuned to dif- 
ferent concentrations, and there can be no doubt that the 
degree of concentration to which they are attuned is det«r- 
mined by the past experience of the organisms, as the facts 
of acclimatization indicate. 
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CHAPTER IV 

ACTION OF MOL AR AGENTS UPON PROTOPLASM 

This subject is so ill-defined that it is impossible to draw 
any line of distinction between contact on the one hand and 
a erushing pressure, or wounding, on the other. The molar 
agents may be solid or fluid. The methods of application may 
vary from a blunt contact or a sharp cut or puncture to the 
impact of flowing liquid. AH these agents have this in common, 
however, that they act in a gross, mechanical way. The sub- 
ject will be discussed under the following heads : (I) The 
effect of molar agents upon lifeless matter ; (II) efifect upon 
the metabolism and moveraent of protoplasm ; and (III) effect 
in determining the direction of locomotion, — thigmotaxi8 
(stereotaxis) and rheotaxis. 

§ 1. Effect of Molar Agents upon Lifeless Matter 

^lechanical disturbance can induce in certain lifeless com- 
pounds violent chemical changes. Compounds which are so 
aflfected are preerainently unstable. This instability, however, 
varies greatly in degree. In some cases, the blow of a hammer 
is required to upset the molecules ; the result being often a 
violent explosion. In other cases Qe.g. chloride or iodide of 
nitrogen), the slightest touch of a feather suffices to produce 
an explosion. Now, most of the substances which explode 
upon impact, and which are lised in the arts, are organic com- 
pounds, — f ulminate, nitro-glycerine, gun-cotton, and picric- 
licid derivatives, — and therefore it is not surprising that we 
lind the notoriously unstable protoplasm violently affected by 
contact. 

Especially important for biology is the fact that undulatory 

motions and other periodic disturbances produce very important 
H 07 
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molecular changes in chemical compounds. Certain substances 
ha ve a specific rate of vibration, so that \vhen this is reproduced 
by a vibrating cord or plate, explosion of tlie substance may 
occur. lodide of nitrogen is one of these substances wliich is 
exploded by a high note. (Champion and Pellet, '72, p. 212.) 
Upon this property of explosive compounds depends, apparently, 
the eflBcacy of "detonators," the explosion of a small quantity 
of which is capable of producing the explosion of a great mass 
of a second compound. Living protoplasm is, likewise, espe- 
cially affected by periodic disturbances, and it is doubtless due 
to the peculiarities of its chemical structure that the auditory 
epithelium is so affected by sound vvaves in ali their modifica- 
tions of pitch, volume, and timbre. 

§ 2. Effect of Molar Agents upon the Metabolism 

AND MOVEMENT OF PrOTOPLASM 

We shall first consider the effect on metabolism, and then on 
movement. The principal metabolic effects that will be con- 
sidered are phosphorescence and secretion. 

The phosphorescence of organisms is usually regarded as a slo\v 
combustion (oxidation) of organic substances. This chemical 
process is apparently accelerated by mechanical irritation, as 
every one must ha ve noticed who has rowed a boat on a quiet 
8ummer's evening upon the sea. At every stroke of the oar, 
a gleam is sent along its length. An analytical study of this 
phenomenon has been made by Massart ('93, p. 62). When 
a drop of water containing Noctiluca is put on filter paper, and 
the liquid is absorbed, there comes a moment when the surface 
film of the water flattens the spherical body of Noctiluca. At 
that moment of pressure light is emitted. If, however, the 
water is put into a slight vibration by a needle attached to a 
tuning-fork, and if the agitation is insufficient to deform the 
body, no light will be given forth. Deformation of the body, 
but not slight agitation, is, consequently, accompanied by those 
metabolic processes \vhich result in the production of light. 

Secondly, contact may induce the production and discharge 
of secretions. Verworn ('89, p. 81) has called attention to 
this phenomenon in the cases of Actinospharium and Thalassi- 
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cola. When Actinosphserium is subjected to a slight stimula- 
tion, such as would be produced by other Protozoa wandering 
among its pseudopodia, it 8hows no response. But when an 
infusorian or a rotifer swim8 against the pseudopodia with 
force, they discharge a sticky substance which holds the dis- 
turbing organism fast. The same result follows the irritation 
of one of the pseudopodia by touching it with a fibre of eloth 
or filter paper. Like efifects follow the irritation of Thalas- 
sicola. Thus, some Protista respond to particular kinds of 
contact by the excretion of a stieky substance. 

In the higher animals, also, contact may call f orth secretions ; 
thus, the stolons of many hydroid8 secrete a cement from the 
surface applied to the substratum. 

Among the higher plants, also, contact has sometimes a similar 
effect. Examples appear in Darwin's ('75, p. 893) work on 
the gland cells of insectivorous plants. In many species, to 
be sure, e.g. Drosera, Dionsea, Drosophyllum, mere contact of 
inorganic bodies has no effect upon the secretions of the glands 
of the leaves. In the čase of Pinguicula lusitanica, however, 
fragments of glass, as well as seeds and albumen, caused the 
glands with which they came in contact to secrete more f reely 
than before. 

This response to contact by secretion is, for the most part, 
an advantageouB one. It enables the Protista and the insec- 
tivorous plants to hold their prey or their enemy, as the čase 
may be ; and it enables the stolon to hold fast to the sub- 
stratum. 

The change in metabolism may be so profound as to lead 
to death. Horvarth ('78) and Meltzer ('94) have sho\vn 
that when bacteria are violently shaken, not only is growth 
interfered with, as we shall see in the second part of this 
book, but death may ensue, so that cultures of bacteria may 
be sterilized. 

We now turn to consider the modification of movement by 
molar agents. The general phenomena are familiar. An 
amceba, any other rhizopod, or a white blood corpuscle con- 
tracts when the cover-glass over it is disturbed. The streani- 
ing in the plasmodia of Myxomycetes is retarded or inhibited 
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upon shaking. When alga cells, such as those of Chara or 
Vallisneria, are freshly transferred to the slide, the disturbance 
causes cessation of movements (Hofmeister, '67, p. 50). 
When the stamen hairs of Tradescantia are crushed, the stream- 
ing of the plasma ceases. When Chara is cut across or punct- 
ured, rotation stops for a longer or shorter tirne (Dutrochet, 
'37, p. 780). Even when a stem of Chara is pricked at the 
node by a needle, without penetrating into the cavity, move- 

ment ceases for a minute 
or two. Thus, mechanieal 
disturbance prof oundly af- 
fects protoplasm. 

Let us now consider 
more in detail the changes 
which take plače in the 
protoplasm. Verworn 
('92, p. 24) has given 
us data on this matter. 
Orbitolites is a rhizopod 
having extremely deli- 
cate, filamentous pseudo- 
podia. If one of these 
pseudopodia be cut across 
as at a;, Fig. 13, a, the 
f ollowing changes occur : 
the protoplasm Ijing next 
the cut directly coUects 
into small spherical or 
fusiform masses which be- 
gin to migrate centripe- 
tally (Fig. 13, 6). This movement meets with the normal 
centrifugally migrating plasm and turns the latter towards the 
centre again (Fig. 13, <?). Gradually the thickenings elongate 
until, before they have reached the central body, they are no 
longer visible (Fig. 13, d). In about 2 minutes normal move- 
ments are completely restored (Fig. 13, e). Slightlv different 
results are gained from Cyphoderia (Fig. 14). When the 
large pseudopodiura of this organism is touched with a needle 
near its distal end, it thickens (as in the čase of Obitolites) and 
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Fio. 13. — Pseudopodium of Orbitolites, re- 
tracting as a result of local stimulation. 
The arrows give the direction of the 
streaming of protoplasm. At the left is 
sbown the beginniDg of the excitation; at 
the right, its end. (From VERWORy, '92). 
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the thick region, together with ali the proximaI lying pioto- 
plasfti, begins to flow tovards the centre. The -vrhole plasma 
thread retraots. 

Again, if au mdividual of DifSugia (Fig. 16) be slightljr 
shakeu, the pseudopodium contracts into the shell ; if it be 




Fia. 14. — Cjpbod«ria mugaritaceft, sboirlng the tMnetloD ol ita pModopodtiuD u a 
resull ot iniUtlon at the polnt lDdlcat«d by tbe arron. (From VKiivroB.v, '92.) 

Fia. IS. — IMiBugia urceolata : at a. gtlmalkteil b; & vcak locftl IrritktioD : Bt b, b; a 
■omeirluit atronger oae. (From Vsbwos», '89.) 



violentlj- shaken, the foUowing changes occur : drops o£ a leas 
highly refractive substance seem to gather on the surface of 
tlie filanieiitous pseudopodium and unite to form a sheath sur- 
roiinding a more higlily refractive axis. At the same tirne, 
axi» and slieath retreat iuto the central mass. In tliis čase, 
then, ^ve have a scgregation of dissimilar protoplasmic aub- 
stances, and a tendeiicy to collect about centres along the 
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Fia. 16. — A Mrlca slioidiig teven phsseB in the contracUoD ot ft paaiidopodlatii i 
Dffflnglft laboatoma, foUoiriag totel sUmnlatlon. The mtIm pusea from le 
to light. (From Tbiiwobn, '92.) 

pseudopodium and in the whole masa. The same thing is see 
in the videlj dissimilar Actinospherium (Fig. 17). Here i 




e8pecially noticeable (Fige. 18, 19) the tendencj to produce 
fusifonn or spherical aggregations, and to retract the peeudo- 
podia. So, too, in the irritated atamen haira of Tradescantia ; 
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say8 HoFMEisTER ('67, p. 50), "The threada become knotty, 
tear apait, diavr together into short clubs or b&Us, and fuse 



utb 



i* 



^W 



Pia. 19. — ThTN pacadopodla of the same Indlrldnal, moeh enUrgad. a, norcul 
condltloo ; the ailal tbread ii >een, inTroiinded b/ protoplum. b, the paeado- 
podlk mt the bcKlmilug ot BtlmnlatioD. c, d, the atiiiiiilatioi] U continaliiii. >i>d 
the tLXM tfanad is Bhorteolog. e, tbe thr«« pModopodlk ue almost completel; 
retncted. (From Vkbwobi(, '89.) 

partly with the coUection of protoplasm lying about the cell- 
nucleus and partly with the peripheral protoplasmic layer," 

These similar phenomena from variouB oi^nisms are funda- 
mcDtal ; how are they to be interpreted ? It is weU kuown 
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that non-vital semi-fluid substances tend to assume a spherical 
form by virtue of the propertjr of surface tensions. That pro- 
toplasm does not ahvajrs assume this form is due to special 
causes. When a Protist or one of its pseudopodia is irritated 
by contact, it tends to assume a spherical form or a thread tends 
to aggregate into spherical drops. It seems probable, we can- 
not 8ay more than that, that this aggregation is due to a dimi- 
nution in the activity of those causes which oppose the action 
of surface tension; and so the latter reasserts itself. It is 
likewise possible that new attractive centres arise. That a 
thread should break up into drops indicates, moreover, a loss 
in cohesion. Loss of cohesion, formation of new centres of 
attraction, and diminution of the form-maintaining forces, — 
these seem to be the effects of contact. They must be due to 
the chemical changes wrought by contact. 

The changes just referred to constitute the essence of con- 
traction, a phenomenon of widespread occurrence not only among 
Protista, but among the higher plants and animals ; for ex- 
ample, in the sensitive plant and in Vertebrate muscle. Into 
these contraction phenomena which f ollow contact in the higher 
organisms we cannot go ; their study belongs to the field of 
plant and animal physiology. At bottom, however, we must 
bclieve many of these phenomena in the higher organisms to 
be due to the same causes as contraction in Protista. 

A few word8 concerning rhythmically repeated disturbances. 
A single disturbance gives rise, as we have seen, to a series of 
phenomena producing contraction; but in a few seconds the 
effects of the disturbances are past and the protoplasm returns 
to its uncontracted form. If, however, the shock is repeated 
before relaxation has fully occurred a new contraction is super- 
imposed on the first, and the resulting contraction is more 
violent than a single one. If no\v shock follo\v shock in quick 
succession, a violently contracted condition, kno\vn as tetanus, 
results. Under the condition of tetanus the amoeba becomes a 
spherical mass, Actinosphajrium retracts ali of its pseudopodia, 
a branching Carchesium stock forms a little bali, and muscle 
fibres are greatly shortened. In a word, rhythmically repeated 
shocks are accompanied by an exaggeration of those changes 
which result from a single shock. 
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§ 3. Effect of Molab Agbnts in detebmining thb 

DiRECTION OF LOCOMOTION — ThIGMOTAXIS (StBRBOTAXIS) 
AND RhEOTAKIS * 

We liave alreadjr seen that when a pseudopodium of an 
amoeba is touched by a solid body it retracts. In this retrac- 
tion the centre of mass is transferred to a new point. If the 
stimulation is often repeated upon the same side, eontraction 
continues on that side, until eventually the amoeba will have 
migrated a considerable distance. In this čase the determina- 
tion of the direction of locomotion is closely allied to the phe- 
nomena of eontraction as a result of stimulation, considered in 
section 2. The retraction of the protoplasm which follows its 
irrita-tion is the cause of the migration of the amoeba in a defi- 
nite direction. This direction is away from the touching body. 
The response may consequently be called negative thigmotaxis. 

The phenomenon of negative thigmotaxis is widespread. 
There are almost no free-moving organisms which do not move 
away from contact or molar disturbance of an unusual or vio- 
lent sort. Thus you may very definitely control the direction 
of movement of a planarian or a slug by touching the body 
upon the side opposite the direction in which you wish it to 
move. In such cases, aiso, there is first a eontraction of the 
body upon the irritated side. 

The opposite phenomenon of movement towards, or clinging 
to, the irritating body — positive thigmotaxis — is less common 
and therefore more striking. It has long been known, I imag- 
ine, — it certainly is an observation easily made, — that an 
ama^ba which has come in contact with a solid body clings 
close to it and moves over its surface. Le Dantec ('95, 
p. 211) has described the action in much detail. An amoeba 
descending in the drop touches the glass slide first by a single 
protruding pseudopodium. Next, the pseudopod elongates hori- 
zontally, and at the same time affixation takes plače, so that the 
organism does not roU about when the water is agitated. The 



* Thigniotaxis, under the different form **thigmotropism'' (from $ly/ia, 
**contAcf ) w«as firet applied to these phenomena by Verworn ('89, p. 90); 
8tcreotaxLs, under the form **8tereotropi8m" (from 0'rcpc^, **8olid''), wa8 intro- 
diiced by Lo£b (*90, p. 28), and is practically 8ynonymous with Ihigmotaris. 
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pseudopod gradually extends itself, and ne\v ones are formed, 
until at last the whole substance of the amoeba is spread out 
parallel to the glass, over whose surface it moves. That there 
is a considerable adherence is shown by the fact that the 
amoeba is not disturbed by an appreeiable current. If, how- 
ever, it is made to contract, it looses its hold at once. 

Very similar phenomena oecur, aecording to Verworn ('95, 
p. 429), in Orbitolites also, Such an organism lying in a watch 
glass begins to send out pseudopodia which, so long as they 
move free in the water, are simple straight threads ; but when 
they touch the glass they adhere to it, stream out along it, and 
send out branches. In these Rhizopoda, consequently, the 
presence of a solid body is a stimulus to the spreading out of 
the pseudopodia and to those changes by which close adhesion 
is eflfected. 

We now pass to the other simple organisms. Among Inf u- 
soria, Pfeffer ('88, pp. 618-621) has found that Glaucoma 
scintillans and, to a less degree, Colpidium colpoda, Parame- 
cium aurelia, and Stylonyehia mytilus aggregate about solid 
bodies in the water, such as fragments of soaked filter paper 
or partieles of barium sulphate. Since these eannot supply 
oxygen or soluble substances, the effect produced is doubtless 
due to contact. 

The aggregated organisms tend, in moving, to keep upon the 
surface of the solid. Thus Pfeffer ('88, p. 619) found that 
Urostyla weis8ii, coming in contact with glass threads, moved 
along them on their ventral surfaces ; and Massart ('91) 
observed some ChIamydomonades remain hanging to objects 
with which they came in contact. Verworn ('95, p. 431), 
likewise, finds that Oxytricha travels over the surface of Ano- 
donta eggs or partieles of detritus which it happens upon in 
the water. In one instance, the organism ran for some time 
over the surface of an egg of Anodonta without being able to 
leave it. After four hours, it was able, by the aid of a piece 
of slime which came in contact with the egg^ to free itself f rom 
that body. 

Phenomena similar to the above-described for bacteria and 
Infusoria are found in spermatozoa also. Dewitz ('85 and 
'86) first noticed this in the čase of the cockroach, Periplaneta 
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orientalis. VVhen an 0,8% or 0.0% NaCl solutioii contain- 
iiig spermatozoa was put under a cover-glass, tlie spermatozoa 
arranged themselvea in two layers, one in contact with the 
cover-glass. the other in contact with the slide. By isolating 
some of the spermatozoa at the upper surfaee and putting them 
under a cover-gtass, he found that they likewise distributed 
themselves at both upper and lower aurfaces. Hence the segre- 
gation into two layers wa3 not due to n, difference in kind 
bet\veen the spermatozua occupying the two positions, but to 
the fact tiiat tbere were here two surfaces of contact, separated 




by a water-film. If a spherical grain be placed in the drop of 
water, aggregation takes plače about that also. A similar 
esperiment, with similar resulta, wa3 made by Massart ("88) 
with frog sperniatoz.oa. Here, too, the active spermatozoa kept 
in contact with the upper and loirer glass surfaces, whilst tlie 
weak forms lay inidway betweea. The fact that only active 
spermatozoa show tbis tendency to keep in contact with solids, 
indicates that we are bere dealing with irritability to contact. 

The quaUty of the aurface influences its capacity for stiniu- 
lating to positive thigraotaxis. Thua. while mere roughuess 
has no effect, if the aurface of glass be smcared with a 8Uniy 
niass, so thick that the spermatozoa can hardly penetrate it, 
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they may no longer cling to the glass, but wander, undirected, 
through the water. Again, wliile the surface film of water 
often acts thigmotactieally, if the surface tension is reduced 
by a thin covering of oil, it no longer holds the organisms. 
It would seem that a eertain minimum difference in rigidity, 
between any surface and the medium, is necessary in order 
that the surface should act thigmotactically. 

Once in contact with a suflBciently attracting surface, the 
organism may move to and fro over it, but it can hardly leave 
it. It is, as Dewitz ('86, p. 366) says, as though the sperma- 
tozoa were attracted by a magnet. This close adhesion of the 
organism to the irritating surface is a remarkable phenomenon. 
Le Dantec ('95) suggests that the amceba adheres to the 
glass by molecular attraction. On the other hand, it may be 
doubted whether the close adhesion signifies anything else 
than the absence of a sufficient stimulus to leave the surface 
of contact. 

When an organism has been stimulated by contact for some 
time, it at last becomes changed so that it no longer responds 
as it did at first. Thus Dr. W. E. Castle has informed me 
that he has seen a colony of Stentors, in an aquarium, being 
constantly struck by Tubifex waving back and forth, yet the 
Stentors did not contract as they usually do when struck. 
Pfeffer ('88, p. 619) has observed that Urostyla retreats, 
after a time, from the surface with which it was in contact. 
These facts indicate that protoplasm can become acclimatized 
to contact so as to be no longer stimulated by it. 

We now turn to the consideration of Rheotaxi%^ which may 
be regarded provisionally as a form of thigmotaxis, although 
the possibility of its being rather a čase of chemotaxis is not 
excluded. 

RosANOFF ('68) was the first to notice the rheotaxi8 of the 
large plasmodium of JEthalium septicum, but he ascribed it 
to geotaxis. The correct interpretation was first given by 
Strasburger ('78, p. 62), and has been confirmed by JčNX- 
SON ('83), and Stahl ('84). When ^thalium is placed on a 
strip of saturated filter paper, the upper end of which is 
dipped in a beaker of water, it is subjected to a current 
of water in the substratum. At the same time it moves 
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against the current. The current controls the direction of 
locomotion. 

The evidence that it is indeed the current is partly gained 
by exclusion. It cannot be geotaxis, for if the current is 
flowing upwards on any arm of the strip, the plasmodium 
flow8 down. It can hardly be hydrotaxis, for the strip is uni- 
formly saturated throughout. The action of light may be 
excluded by shutting the whole apparatus in the dark, when 
the same response occurs. When the direction of the current 
in the strip is reversed, the niovement of the plasmodium is 
reversed also. Thus no other cause will explain the result but 
that of the moving water. 

Sati8factory evidence that it is the current as such which acts 
will not be forthcoming until it has been shown that other 
fluids than water, e.g, oil, provoke a similar response. Until 
such an explanation has been tried, it must remain uncertain 
whether the phenomenon is not perhaps due to a difference in 
the quality of the afiferent and the efiferent water. 

Finally, it must be mentioned that higher organisms, espe- 
cially fish, are rheotactic. Whoever has seen fish ascending 
streams from the sea in the spring has had this vividlv 
impressed upon him. Before some dam thousands of fish will 
be seen, aH facing the torrent of water against which they can 
hardly hold their own. It is the current which determines 
their position. They are responding to the direction of flow 
of the waters. 

To recapitulate : In many non-living substances, especially 
organic compounds, violent chemical changes (explosion8) are 
brought about by contact and especially by repeated vibra- 
tions. So, too, in protoplasm, chemical change, exhibiting 
itself in modified metobolism, frequently follows contact. The 
explanation adapted to the non-living series of phenomena is 
adapted to the living series also, — the molecules of the sub- 
stance are complex, looselv associated, very unstable, so that 
even a slight mechanical disturbance will ser ve to dissociate 
their atoms. Protoplasm is a mixture of so many substances 
that the whole mass does not become changed at once ; but 
CDutinued stimulation may eventually produce such wide- 
spread changes as to Icad to death. One of the most evident 
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results of contact upon protoplasm is modification of move- 
ment, — momentary quiet, followed by contraction. Rapidly 
repeated shocks lead to a summation of responses called teta- 
nus. Slowly repeated shocks may lead to acclimatization to 
contact. Finally, the direction of locomotion is in some cases 
controlled by contact ; many organisms move from the touch- 
ing body — negative thigmotaxis ; others may f ace the impact 
of flowing water or keep close, as though attached, to the rigid 
surface — positive thigmotaxis. If the changed chemical con- 
dition following contact be called the "response," then ali 
changes wrought by contact on protoplasm may be considered 
as responses. 
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CHAPTER V 

EFFECT OF GRAVITY UPON PROTOPLASM 

We shall consider this subject under three heads : (I) Methods 
of Study ; (II) Effect of Gravity upon the Structure of Proto- 
plasm; (III) Control of Locomotion by Gravity — 6eotaxis. 



§ 1. Methods of STin)Y 

Under normal circumstances gravity acts upon organisms 
continuously, uniformly, and in one direction only at a tirne. 
In this respect it is widely different from most of the agents 



rps 




Fio. 21. — Diagram of the essential part of a klinostat. A rotating block or dram, 
to which tabes containing the geotactic organisms may be attached in the poeition 
indicated. 

which we have to consider. Since its action is uniform it can 

be varied only in an indireet way ; Le. by turning the organism 

or by replacing gravity in part by a force working in another 

direction. One of the simplest ways of turning the organism 

so as to eliminate gravity is by means of the klinostat (Fig. 21). 

This is made in various forms, and consists essentially of a 

horizontal rod supported near the ends and made to revolve 

about its long axis by clockwork. Towards the middle of the 

rod, or at one end, is rigidly af[ixed a block to which may be 
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fastened, radially, the vessels containing the objects of experi- 
mentation. When the rod revolves, ali sides of the object 
are brought succes8ively and equally under the influence of 
gravity'8 puli. By this means the directive aetion of gravity 
is eliminated. 

In the čase of organisms living in water, the efifect of gravity 
may be overcome by the buoyancy of the medium. It is clear 
that an organism floating in a medium of its own weight can- 
not be afifected by gravity. This condition can be brought 
about by increasing the specific gravity of water by adding 
soluble substances such as gelatine and gum arabic. Since 
the specific gravity of the organism tends gradually to change 
with that of the medium, this method does for rapid experi- 
ments only. 

In dealing with larger organisms, which, like slugs, can keep 
affixed to glass or other smooth surfaces, the inclination of the 
surface may be varied from a vertical position to a horizontal 
one, thus varying the active component of gravity. Finally, 
gravity may be replaced by centrifugal f orce by rapidly rotating 
either about a horizontal or a vertical axi8. By varying the 
rate of rotation the centrifugal force will varj% in accordance 

with the formula, /= — ;r— , in which r is the rotating radius 

(in meters) and fi the square of the time of a rotation (in 
seconds). This varying centrifugal force will act exactly in 
the same way as gravity, only from the centre of rotation. 



§ 2. Effect of Gravity upon the Structure of 

Protoplasm 

Verv few observations have been made upon this subject, 
aud vet indications are not wanting that the field would well 
repav working. Thus, where the celi contains si)ecifically 
heavier and lighter substances the two will be separated by 
the aetion of gravity. This occurs in plant eells in whieh, 
according to Dehnecke ('80), various contained bodies, e.g. 
chlorophyll granules and starch grains, tend to sink to the 
lo\ver side of the celi. This result is produced in from a few 
minutes to several hours. This effect is likewise seen in many 
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ova in which the yolk sinks to the lower pole and the proto- 

plasm floats on top, in whatever position the egg may be hekl. 

This fact undoubtedly has an important eflfect upon develop- 

ment, as we shall see later. 

Of the 8pecifically heavier bodies above referred to, the 

nucleolus is a striking exaniple, as Hebrick ('95) has recently 

shown. Thus, when the 
ovary of a lobster is 
killed, the nucleoli of 
ali the nuclei are found 
in contact with that part 
of the nuelear membrane 
which was the lowest at 
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Fio. 22. — Section throagh the ovarj of a lobster 

hardened with its dorsal surface (D) upper- 

most. The nacleoli lie against the ventral 

' sarf ace of the nucleus. Magnified 50 diame- 

ters. (From Hebrick, '96.) 



Fio. 23. — Section throngh the 
nncleus of a ycung o\tim 
(I mm. in diameter) showing 
the nacleolas, which has, ap- 
parentlj, caused a distention 
of the naclear membrane bjr 
the pressure of its own weight. 
Arrow 8how8 the direction of 
the earth's centre. Magnified 
248 diameters. (From Hsa- 
BICK, 'd5.) 



the moment of killing (Fig. 22). The weight of the nucleolus 
is relatively so great as sometimes to eause a depression in the 
part of the nuelear membrane upon which it rests (Fig. 23). 

§ 3. CONTROL OF THE DiRBCTION OF LOCOMOTION BY 

Gra viTY — Geotaxis * 

The control of the movements of Protigta has been investi- 
gated chiefly by four naturalists : Schwarz ('84), who studied 
Euglena and Chlamidomonas ; Aderhold ('88), who studied 



* So called by Schwarz ('84, p. 71). 
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Euglena and desmids ; Massart ('91), who worked upon 
bacteria, and ciliate and flagellate Inf usoria ; and Jensen ('93), 
who experimented with Euglena, Chlamydomonas, and eight 
species of Ciliata. 

The observation that led Schwarz to his study wa8 that 
Euglena and Chlamidomonas, shaken up with sand and covered 
by it, constantly, even in the dark, rose to the surface. The 
experiment8 now made by Schwarz to determine the true 
cause of the phenomenon were a model of experimental investi- 
gation. In the first plače only fresh and actively raoving 
individuals were used, and light wa8 earefully excluded, either 
by enveloping the culture vessel in black paper, or by working 
in a dark chamber. I shall now give in detail the experiments 
and their results. 

When the Flagellata were placed in water they responded 
like those in sand — they soon eame to the upper surface. But 
may not this upward movement be purely passive due to the 
small specitic gravity of the alg® or to currents in the water ? 
To get an answer to this question Schwarz heated the sand 
to 70° C — a fatal temperature — and no aggregation occurred. 
Again, the alg® were subjected to vapor of chloroform ; no 
aggregation. Again, to a low temperature (5° to 6°) ; no 
aggregation. An aggregation occurred, ho\vever, when the 
temperature of the same culture was raised to 22°. Finally, 
Lyc()podium spores and Euglena in the resting stage do not 
move upwards ; hence no currents are passing in this direction. 
On the contrary, these experiments show that the upward 
movements of the algse are the results of its own active loco- 
motion. 

Nor can it be that anything else than gravity determines the 
direction of the locomotion. That the greater amount of oxy- 
gen at the upper level is not the controUing agent was shown 
by smearing the sides of a ghvss cylinder with a thin laver of 
sand containing the algie. In this thin layer, |)ermeated by 
oxygen, they stili accumulated at the upper margin. That the 
locomotion was not directed by currents in the water (Kheo- 
taxis, p. 108) was indicated by the fact that wliether the free 
end of the tube, at which evaporation is occurring, be up or 
down, migration is al\vays up\vards. Thus, since the stimulus 
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of chemical agents and currents was eliminated, grayity seemed 
to remain as the only directing force. 

It oiily remained to show that the attractive force of the 
earth can be replaced by eentrifugal force, and this Schwarz 
wa8 able to do by means of the klinostat. By varying the 
rate of rotation of this machine he varied the eentrifugal force 
and was able to determine the limits within which the Inf usoria 
move against an opposing force. The acceleration of the rota- 

tion-force may be expre8sed in terms of the attraction of gravity 

/ 
as a iinit by the formula c = -, when c equals the acceleration 

of eentrifugal force in the required units ; /, the eentrifugal 
force f ound, as on p. 113 ; and g the acceleration due to gravity. 
It appeared from the experiments that, in both living Euglena 
and Chlamidomonas migration took plače toward8 the central 
end, thus against the eentrifugal force, when the latter was 
over 0.5 g., and under 8.5 g. Under the lower limit no migra- 
tion occurred ; near the upper limit aggregation occurred at 
both ends ; above the upper limit aggregation took plače at the 
peripheral end — that is to say, with the eentrifugal force. 
Clearly, then, geotaxis is in these cases a movement against an 
opposing force, provided that force is considerable (over 0.5 g.) 
but not too great (over 8.5 g.). 

The workers in this field who followed Schavarz advanced 
our kno\vledge of geotaxis in two principal ways: first, by 
increasing the number of organisms known to be geotactic, and, 
secondly, by revealing the fact that closely allied species may 
have geotaxis of opposite sense. 

Massaut ('91, pp. 161-167) employed a simple but satisfac- 
tory method. He placed Protista in a capillary tube which was 
open, hence equally oxygenated at the two ends. By invert- 
ing the tube the ends were brought into different relative posi- 
tions with respect to the earth, causing the geotactic organisms 
to migrate throughout its length. As a result of his experi- 
ments it appeared that Spirillum; the flagellata, Polytoma, 
Chlamydomonas, and Chromulina ; and the ciliata, Anophrys 
and Euplotes, are geotactic. The sense of geotaxis may be 
different between individuals of the same genus ; thus, under 
similar conditions Spirillum separated into a lot lying at the 
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upper part of the tube and a lot at the lower pari ; and the 
individuals of both the upper and lower lot were active. The 
sense of response depends upon temperature also. Thus Chro- 
mulina woroniniana is negatively geotactic at 15*^ to 20*^ C, 
and positively geotactic at 5° to 7® C. The other species men- 
tioned above are negatively geotactic — i.e. move in the direc- 
tion opposite to that in which the 
force tends to carry them. 

Jensen* ('93) finally has greatly 
extended our knowledge of the spe- 
cies responsive to gravity, has shown 
the necessity for regarding carefully 
the other agents acting during the 
experiment, and has entered more 
carefully into the cause of the phe- 
nomenon than previous authors. The 
new forms which Jensen worked 
with were these Ciliata : Paramecium, 
Urostyla, Spirostomum, Colpoda, Col- 
pidium, Ophryoglena, and Coleps ; 
also the more commonly used species, 
Euglena and Chlamydomonas. The 
other agents whose action may mod- 
ify that of gravity are chemical stuffs, 
density, warmth, light, etc. Light 
may be easily excluded. On warm 
days the typical geotactic phenomena 
are often absent, the Paramecia sink- 
ing to the deeper, cooler layers. The 
Infusoria aggregate around bacteria 
in the water, — chemotaxis (Fig. 24, 

6), — and they shun the uppermost layer, apparently because, 
o\ving to evaporation, this layer is denser — tonotaxis (Fig. 
24, (?). \Vhether light inhibits the geotactic response was 
one of the questions asked and answered by Jensen. \Vhen 
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Fig. 24.— Glasa tubes, aboat 0.5 
cm. in diameter and 20 cm. 
long» fnsed at one end, and 
filled with wat6r containinjc 
Parameciom ( represented 
by points). a shows aggre- 
gation of the Paramecium 
at upper end of tube: &, 
aggregation of Paramecium 
around bacteria suspended 
in the water — chemotaxis 
Teiling geotaiis; c show8 
that occasionalljr the Para- 
mecia avoid the uppermost 
layer of the water. (From 
Jkmskn, '93.) 



* Jensen used glass tiibes of 0.6 to 1 cm. diameter, and 6 to 100 cm. lens^th, 
fused at one end. To prevent the free end becoming richer in oxygen, a laver 
of oil 2 to 3 cm. high was poured over that end, or, air being carefully excluded, 
it was sealed by an impermeable plug of wax. 
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tlie centrifugal macliine wa8 used in the sunlight, movements 
towards the centre clearly appeared. It was tlius proved 
that negative geotaxis (wliich is the same as centrotaxis) may 
occur in the sunlight. 

The data of geotaxis are incomplete without a consideration 
of this phenomenon in the higher animals. Loeb is one of the 
first investigators in this field. In 1888, he found that flies, 
deprived on both sides of the free ends of the balancers or the 
wings, and placed upon a board, move always upwards upon it. 
If the plane of the board is held oblique to the horizontal, the 
fly alway8 moves along that line which makes the smallest 
angle with the vertieal. Likewise cockroaehes seem to be 
stimulated by gravity when this acts perpendicularly to their 
ventral surface, so that they tend to move ofif from a horizontal 
surface and do not come to rest until they are on a more or less 
nearly vertieal one. Thus, Loeb put twenty-one cockroaehes 
into a truncated, pyramidal box, one of whose sides made an 
angle of 80° with the horizontal ; another 60°, the third 45°, 
and the fourth 25°. After an hour, the number of individuals 
on each face of the box was coimted at intervals of 10 minutes. 
Adding together the results of 10 such counts he found on the 
steepest wall 94 cases ; on the wall inclined at 60°, 61 cases ; 
on that inclined at 45°, 28 cases ; on that at 25°, 25 cases ; and 
on the horizontal surfaces, 2. After several hours 75 to 80% 
of the animals were found on the steepest side, although it had 
the smallest area. Later, Loeb ('90 and '91) showed that the 
holothurian Cucumaria cucumis, the starfish Asterina gibbosa, 
and the lady-bird beetles (Coccinellidse) are likewise geotactic. 
Finally, it may be mentioned that several species of the slug, 
Limax, are geotactic. 

There is in Protista, as already mentioned, a limit to tlie 
intensity of the attractive force below which no response will 
occur. Is there such a limit in Metazoa likewise ? Experi- 
ments upon this point have been made by Miss Helen Per- 
KINS and myself in connection with my experimental course at 
Radclifife CoUege. We have also been able to answer the ques- 
tion, what difference in efifect is produced by diflferent intensi- 
ties of gravity's action. We experimented with the great slug, 
Liniax maximus, which cra\vls readily upon a glass plate placed 
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at any angle. As explamed on p. 113, the iiitenaity of gravity'8 

action will diminish as the sine of the angle of incllnatioii of 

the plate is diminished from 90° to 0°. We determined the 

(leviation of the slug 

from a vertical position 

iipon plates at various 

inclinations, and after 

the kpse of a constant 

tirne (45 seconds). The 

experiment3 were per- 

formed in a dark bos. 

The number of tests 

niade at each inclina- 

tion vfoa aixty. The 

tirne required to re- 

spond fuUy to gravity 

did not vary appreci- 

ably with the angle of 

inclination. The re- 

eults obtained indicated 

that the deviation of 

the slug from vertical- 

ity diminished with the 

cosine of the angle 

made by the plate. 

The relation between 

the angular deviation 

from vertical i ty and 

the sine of inclination 

of the glass plate is 

graphically represented 

in Fig. 25. The con- 

clusion from the ex- 

periments is that tlie 

lo\ver limit of tlie sen- 
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Fio. 25. — Cnrvea shoiritiff reUtlon betweeti the 
ilns ot tbe uigle of InclinatloD o( a glasa plata 
and tho angolar posIlioD »[ a slug irhlch iraa 
BtM placed OD It In a horizontal poaltlon and 
tben lett (or 40 secondi In tbe dark. Cnrve A 
1b coTutruct«d bjr jlnivrlaK onlltMtet from ihs 
buvy horizontal line, 0^-U', correapoadlni; to 
each angle ol Inclination of Ibe lurface (lald 
oft asabecisBie). The len|nb» ot tbe ordlnalM 
are de(«nnliied by the namber of de)CTeea nf de- 
viation o( the tali of the slng from tU" tovrarda 
90°. 4.t° la tsken as a base, sfnce it would be 
tbe mean angalar deviation from the inltlal 
posttlon ot a slug i;rawllD|[ undlrectpd upon a 
horiznnlal plate. Curve B Is construdal bj 
draming doim tram the base ordlnateB propoi- 
tlonal tli tbe nalural slnes uf the dlfFerpnt an- 
gle« of Inclination uf the glass plate. 



sitiveness of Liniax to gravity is extreraely small, below 
0.13 g., and that as the angle of inclination of the plate 
dimiiiisbes the deviation from 45° toward8 verticality dimin- 
islies in accordance with the relation : S = a- sin 0, in which 
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S is the angular deviation of the slug from 45° towards 90°, 
expre8sed in degrees ; d is the angle of inclination of the plate 
to the horizontal, and a is a constant. 



In inquiring into the cause of geotaxis in animals it seems 
best to consider chiefly the phenomenon as exhibited in Protista, 

for in the higher animals this capacitj 
seems bound up with the possession of 
special organs of orientation. In this 
group the first and apparently most 
important part played by gravity is 
the determination of the axis of the 
individual, which comes to lie vertical 
and with the head end up or down 
aceording to the conditions of the 
protoplasm. After the positions of 
the axis and poles are determined, or- 
dinary locomotion produces the geo- 
tactic phenomena. That gTavity may 
determine a vertical position without 
locomotion occurring is shown in the 
ciliate infusorian Spirostomum (Fig. 
26), which at times occurs in large 
numbers in ordinary aquaria, sus- 
pended almost motionless in mid- 
water, having a distinctly vertical 
position and with the head end 
directed upward. They cannot be 
said to be strictly motionless, since 
by carefully attending to them one 
can see them slowly rising or falling 
or alternately, perhaps, rising and falling in their almost im- 
perceptible movements. Miss Juha B. Platt, who has 
studied carefully the movements of Spirostomum, found that 
of 78 individuals observed ali but 7 had the anterior extrem- 
ity directed upwards and the 7 exceptional individuals were 
ali moving downwards. It therefore seems quite certain that 
Spirostomum tends in water to orient itself with reference to 
gravity, although without aggregating at the upper surface. 



Fio. 26. — Spirostomum ambi- 
guum, side view. az^ ado- 
ral zone of cilia ; o, mouth ; 
08t gullet; n, nucleus; dCy 
contractile canal; cv, con- 
tractile vacuole; a, anus. 
Magnified about 120 diam- 
eters. ( From BttTSCULi 
[Bronn'8 Thier-reich : Pro- 
tozoa], after Stein.) 
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To explain the phenomenon of axis-orientation, two principal 
theories have been advanced. The first may be called the 
mechanical theorjr; the second t\iQ response-to-BtimuluB theory. 
The first theorjr is that once suggested by Verworn ('89, p. 
122). It appeared to him that it was self-evident from purelj 
physical grounds that, in complete guiescence of the flagellum, 
the hinder end of the protist should be directed do\vnward8, 
and not the anterior flagellum-bearing end. If one conceives 
such an individual to move its flagellum, which precedes in 
locomotion, it must move toward8' the surface of the water; 
thus against gravity. Verworn finds the stimulation theory 
inconceivable, since gravity cannot even be compared with 
stimuli. In falling, the body of the protist might rub against 
the water particles, which would ofifer a stimulus, but this 
would be more allied to rheotaxis. 

It might seem an easy thing to determine whether geotactic 
Protista artiticially rendered quiescent (e.g. killed or stupefied) 
would stand with their anterior ends uppermost; but the 
killing is apt to distort the form, and the organisms being 
heavier than water * fall to the bottom. Something might be 
gained from an observation of how they fall, but there is very 
great discordance among authors upon this point, probably in 
part due to diflBculties of observation. Thus Sch\vauz ('84, 
p. 68) says that both Euglena and Chlamidomonas assume aH 
positions in falling; Massart ('91, p. 164) finds that Chlamido- 
monas falls with flagellum directed upwards and Jensen ('93, 
p. 451) declares that Euglena viridis killed by iodine falls 

* Few determinations seem to have been made of the specific gravitj of living 
Protista. Jensen (*03*) attempted to do this for Paramecia, but his method was 
bad and his results bad Ukewi8e. He made solutions of potassium carbonate, 
of varying specific gravitj, and found that Paramecium just floats in a solution 
whose sp. gr. is 1.25. The difficultj of the method is that solutions of salt 
having a relatively small molecular weight act so powerfully in withdrawing 
water from the organism as to cause it to shrink and increase in relative 
weight. Miss Platt has used solutions of gum arabic whose osmotic action 
is so slight that organisms live in it for hours. In such solutions, paralyzed 
but living Spirostoma and Paramecia neither sank nor rose when the specific 
gravity was between 1.016 and 1.010 ; so that it seems probable that the specific 
gTavity of Infusoria lies near 1.017. Tadpoles recently hatched and having a 
length of 0.5 mm. had a sp. gr. of 1.044, while those 12 mm. long had a sp. gr. 
of 1.017. 
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almost without exception with the broader flagellate pole down- 
wards. Both from the fact that it can be easilj demonstrated 
that when a body heavier than water falls in that medium its 
larger end will precede, and from the fact that Jensen was 
especialljr careful that the killed organism should not be 
deformed, his results must be considered the best established. 
Now, siiice the dead Euglena tends to sink with flagellum 
downwards whereas the active Euglena stands flagellum 
upwards, we must eonclude that the orientation of Euglena 
and probably other Protista is not passive but due to their 
activity and must be regarded as a response more or less directlj 
due to gravity. 

But just how does gravitj act as a stimulus to determine the 
direction of orientation of the body? We ha ve two principal 
theories to examine. First, that of Jensen, that gravity acts 
indirectly on the organism by directly causing a difference in 
pressure in the \vater at different levels. This diflference in 
water pressure, at various levels, affects directly the two poles 
of the organisms, which stand at different levels, and the 
organism responds to this difference in pressure. The second 
theory, which I adopt, is that the organism, owing to its specific 
gravity being greaier than the medium, experiences greater 
resistance (friction + weight) in going upwards even to the 
slightest extent than in going downwards (friction — weight). 
Another stimulus, which is probably associated with this, de- 
{>ends upon the fact that an unsymmetrical body, heavier than 
water, tends to fall with its larger end down. Those nega- 
tively geotactic organisms, which stand with their larger end 
up, will be consequently in a condition of unstable equilibrium; 
those organisms \vhich stand with their larger end down will 
be in stable equilibrium. In the first čase a deviation from 
verticality would be accompanied by relatively diminished 
resistance on one side ; in the second by relatively increased 
resistance on one side. In either čase, the distribution of the 
mass of the animal may give the organism the means of deter- 
mining, but not in a mechanical way, the position of its axis. 

The evidence for the first theory Jensen finds especially in 
a fact which he believes opposes the second. Negatively 
geotactic organisms, placed in an inclined tube, move towards 
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the upper side and then travel obliquely, not verticalljr, along 
it toward the upper part of the tube, thus into strata of con- 
stantly diminishing pressure. If weight controUed in any way 
their movements, they should move vertically as from 1 to 2 
(Fig. 27) until they meet the side of the glass. Then they 
should move oflf, as to 3, then vertically to 6, and so on. Since 
they do not so move, gravity, Jensen thinks, cannot be said to 
act direetly. In criticism of this conclusion it may be urged 
that it is without proper foundation, for 
if an organism who8e irritability (in- 
stincts) would lead it to move verti- 
cally is mechanically unable to do so 
exactly, it will do so as far as practi- 
cable. This observation cannot, there- 
fore, be said to militate against the 
second theory. Finally, there is this 
positive objection to Jensen's theory 
that it is applicable only to geotaxis in 
water animals, and can therefore be 
only a special explanation of geotaxis. 
On the other hand, there is evidence 
which is opposed to tlie first theory and 
favors directly the second. And Jen- 
sen has himself contributed some of 
tliis evidence. He put Urostyla into 
a glass tube containing a 0.5% aque- 
ous gelatine solution. They showed 
no tendency to go upwards. At the 
expiration of 20 hours many deaths 
had occurred, but some normally ac- 
tive individuals were stili at the lower end of the tube. Why 
this loss of geotaxis? Jensen believes it due to the fact that 
the difference in pressure of the successive layer8 did not 
inerease proportionally to the increase in resistance of the 
solution. I would suggest that it may be due to the fact 
that the weight of the body of the Protista is now relatively 
less than that of the solution, so that the organism, tending 
to move against resistance, comes to lie at the bottom of the 
buovant fluid, hence appears positively geotactic. 



Fio. 27.~Hypothetical line 
of migration of Parame- 
cium in an indined tube, 
upon the assumption that 
gravity acts directlj to 
detennine direction of 
locomotion, according to 
the conception of Jrnsbn. 
The arrow at p indicates 
the direction of the poli 
of gravity; 1, 2, 3, 4, 5, 
soccessiTe positions occu- 
pied b7 the Paramecium. 
(From Jbnsbn, '93.) 
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Geotaxis in the higher organisms, especially Vertebrates, 
cannot here be discussed at length. It is sufficient to state 
that as LOEB ('91, p. 189) concludes, it is probably dependent 
upon the internal ear. Miss Platt has, at my suggestion, sub- 
jected young negatively geotactic tadpoles to solutions of gum 
arabic of the same specific gravity as themselves, and has f ound 
that they stili migrate upwards. This result makes it probable 
that here also orientation is efifected by the internal ear, and 
hence is independent of the action of grayity upon the entire 
body. 

Finally must be mentioned the phenomenon of acclimatiza- 
tian to a central preasure. This has been observed by Jensen 
('93, p. 470), who says, when Paramecium or Urostyla has been 
strongly " centrifugated " towards the peripheral end of the 
tube, where it is subjeeted to a high pressure, it shows, when 
the tube is then placed vertically, a much livelier geotaxis 
than it would ha ve done without " centrif ugating." Clearly 
the temporary action of the high pressure has increased the 
irritability to gravity. 

To recapitulate : Gravity aflfects the structure of protoplasm 
by separating the lighter and heavier substances. It may 
determine the direetion of locomotion by determining the ver- 
ticality of the axis of the body. Varying the intensity of 
gravity's attraction diminishes the precision with which this 
determination takes plače. The determination of the vertical 
position is, in the lower organisms, probably due to difiference 
in ease of movement when going up and going down. 



UTERATURB 



Aderhold, R. '88. (See Chapter I, Literature.) 

Dehnecke, C. '80. Ueber nicht assimilirende Chlorophyllkorper. Inaug. Diss. 

Koln. Abstr. in Bot. Ztg. XXXVm, 795-798. Also m Bot. Centralbl. 

I, 1537. 
Herrick, F. H. '95. Movements of the Nucleolus through the Action of 

Gravitj. Anat. Anz. X, 337-340. 8 Jan. 1895. 
Jensen, r. '93. Ueber den Geotropismus niederer Organismen. Arch. f . 

d. ges. Phjsiol. LIH, 428-480. 5 Jan. 1893. 
'93*. Die absolute Kraft einer Flimmerzelle. Arch. f. d. ges. rhysioL 

LIV, 537-551. 24June, 1893. 



LITERATURE 125 

LoEB, J. '88. Die Orientirung der Thiere gegen die Schwerkraft der Erde. 

(Thierischer Geotropismus.) Sb. Wurzb. Phjs.-med. Ges. 
'90. (See Chapter VII, Literature.) 
'91. Ueber Geotropismus bei Thieren. Arch. f. d. ges. PhjsioL XLIX, 

175-189. 1891. 
Massart, j. '91. Recherches sur les organismes inf^rieurs. III. La 

sensibilit^ k la gravitation. Buli. TAcad. roy. Belg. (3) XXII, 

158-167. 1891. 
ScHWARz, F. '84. Der Einfluss der Schwerkraft auf die BewegaDgsrichtang 

von Chlamidomonas und Euglena. Ber. bot. Ges. 11, 51-72. 
Verworn, m. '89. (See Chapter I, Literature.) 



CHAPTER VI 

EFFECT OF ELECTRICITV UPON PROTOPLASM 

In this chapter we shall consider (I) some methods em- 
ployed in the investigation of this subject; (II) the eflfect 
of electricity upon the structure and general functions of pro- 
toplasra ; and (III) the eflfect of electricitjr in determining 
direetion of locomotion — electrotaxis. 

§ 1. CONCERNING MeTHODS 

While the phenomena of magnetism and electricitj are closely 
allied, their eflfects upon protoplasm seem to be widely dis- 
sirailar. Thus no certain action of magnetism has hitherto 
been observed, but electricity, however produced, causes nearly 
uniformly an eflfect. 

Any experimental work with the electric current involves 
apparatus for its production, application, and measurement ; 
naraely, batteries or other sources of electricity ; electrodes for 
applying the crurrent to the organism ; troughs to contain the 
free swimming animals used for experimentation ; a galvanom- 
eter for measuring the current ; a rheochord for varying the 
intensity of the current ; a reversing key ; and, for interrupted 
currents, an induction machine with interrupter, and an elec- 
trometer for measuring such currents. A description of the 
principal forms of these instruments and the methods of con- 
structing some of them will be found in Verworn, '95, 
Chapter V, and in Ostwald, '94, Chapter XV. 

Since the works just named are easily accessible, it will be 
unnecessary here to describe these instruments in detail. A 
few additional suggestions, the result of my experience, may, 
however, be found helpf ul. Concerning batteries^ first ; accumu- 

lators are without doubt to be preferred, where practicable, on 
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account of the strength and continuance of their currents. In 
other cases, Clark or Daniell elements, if enough of them 
are united in series, will meet the requirement8. The character 
of the electrodea^ next, will depend upon the nature of the in- 
vestigation. Nonpolarizable ones of hair (camers-hair brush), 
clay, or paper (plug of filter paper in glass tubing drawn out 
to a cone) are usuallj emplojed, but aH of these ofifer consider- 
able resistance. The troughs will vary in form and size with 
the organisms to be contained in them ; some of them will be 
described in conneetion with the experiment8 in which they ha ve 
been emplojed. They are ali rectangular enclosures having 
clay ends when it is desirable that these should be nonpolariz- 
able. For large troughs, sheet-zinc electrodes are used, cover- 
ing the smaller sides of the trough. Although some of the 
reflecting galvanometers are more sensitive, a " millammeter " 
sueh as that made by the Weston Eleetrical Works is a much 
more convenient instrument and sensitive enough for most 
work of this sort. The rheocJiord is praetically a low-resistance 
box, capable of indefinitely fine gradations. This is introduced 
into the short braneh of a divided circuit, so that by varying 
its resistance a varying share of the current shall be forced into 
the longer circuit. A very simple and excellent device for 
altering the strength of current is the " Compression-rheostat " 
of Blasius and Schweizer ('93). This consists of a piece of 
rubber tubing fiUed with zine sulphate, stopped at the ends 
and introduced into the circuit. By means of a thumbscrew 
the walls of the middle of the tube may be pressed together, the 
lumen correspondingly reduced, and the resistance increased. 
The induction apparatus usually employed is one invented by 
DU Boiš-Reymond. In this the secondary coil may be with- 
drawn from the primary coil to any desired distance, thereby 
diminisliing the intensity of the induced current. Through 
the action of such an instrument the current is alternatelv 
made and broken, and each electrode becomes in quick suc- 
cession anode and kathode. Since alternating currents cannot 
be measured by an ordinary galvanometer, an electrometer 
must be employed. So mucli concerning apparatus. 

A word should be said about tlie method of stating the cur- 
rent employed. Very many authors have been satisfied with 
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saying that the current was strong or weak, others have given 
the kind and number of eleraents emplojed. Such statements 
are wholly inadequate to give an accurate idea of the strength 
of current to which the organisms under experimentation were 
subjected. Even raerely to state the galvanometer reading in 
milliamperes is insuflBcient. We must know as nearly as pos- 
sible what strength of current is passing through the organism, 
and this involves knowing the density of the current passing 
through the water in the trough. Now it is obvious that a 
current passing through a raass of water of small cross-section 
is stronger per square millimeter than an equal current dis- 
tributed over a large cross-section. It is necessary, conse- 
quently, to know the cross-section of the mass of water through 
which the stimulating current is passing, in order to determine 
the "density" or strength at any point. For technical pur- 
poses the unit of current-density is taken at 1 ampere to the 
square millimeter. Hermann and Matthias ('94, p. 394) 
propose for physiological purposes a unit one-millionth as great, 
to be designated as S. B then indicates a current of y^^ milli- 
ampere per square millimeter of cross-section. It is very de- 
sirable that, \vhen practicable, currents should hereafter be 
expressed in S's. More than one useless discussion has been 
precipitated by not giving a sufficiently accurate quantitative 
expression to the current employed. (See, for illustration, 
beloNv, p. 149.) 

Finally, the strength of current necessary to produce a 
certain result depends upon the relative conductivity of the 
organism and the surrounding \vater. If, through the presence 
of substances in solution, the conductivity of the water is 
abnormally great, one must use a greater current (as read oflf 
from the galvanometer) than otherwise to produce a certain 
effeet. (Waller, '95, p. 97.) It would probably be best, 
when possible, to use in the trough the water in which 
the organism has been living, since the quantity of salts 
in the organism has been sho\vn to vary with that of its 
medium. (See p. 88.)* 



* See Kaiser, Wien Akad. CIV, p. 17, 1896, for a new trough adapted to the 
stagc of the microscope. 
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§ 2. The Effect of Electricity upon the Stbucturb 
AND General Functions of Protoplasm 

The fundamental phenomenon of the aetion of an electric 
current upon protoplasm may be seen while watching a helio- 
zoan (Actinosphaerium), lying in a drop of water, through 
which a weak, constant current is "made." We find that the 
filamentous pseudopodia begin quickly to retract at the two 
poles lying in the axis of the current ; and as the current 
continues, this contraction continues likewise. The primary 
effect of a weak constant current is thus a centripetal flowing 
of the protoplasm. The current stimulates to contraction. 

If, now, the current be increased, or be longer continued, 
further changes occur. The pseudopodia lying in the current 
become varicose, and break up into a chain of drops; the 
vacuoles on the periphery begin to burst, emptying out their 
fluids; and in these regions the protoplasm collapses. Thus, 
the stronger current produces continued contraction, accom- 
panied by collapse of the protoplasmic foam-work. 

Finally, the plasma itself begins, upon the anode side, to dis- 
integrate, and the loose particles to move towards the positive 
electrode. As the plasma of this side is gradually eaten away, 
the outline of the Actinosphaerium passes through phases like 
those of the waning moon, until, finally, the last thin crescent 
fades away. The particles of the mass have wholly lost their 
cohesion (Fig. 28). 

The facts j ust given concerning the behavior of Actino- 
sphaerium to the constant current are gathered f rom the observa- 
tions of KuHNE ('64, p. 59) and Verworn ('89*, pp. 8, 9). 
Fundamentally similar observations have been made by Kl'HNE 
C^U, p. 79) and Verworn C89^ p. 274) on Myxomycetes, 
;ui(l bv Vekwoun ('89*, pp. 13, 17) on the rhizopods, Poly- 
stoniella and Pelomyxa. So these data may be considered as 
of general worth for naked protoplasm. 

Also upon ciliated epithelium, the constant current acts 
as a verv strong excitant, producing an active movement in 
cilia which had previously nearly ceased to beat. This excita- 
liou occurs, e8pecially about the two poles, imniediately upon 
*' inaking " the current. (Kraft, '90, pp. 234, 235.) 
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Fig. 28. — ActiDospbnrium eicbbomii Id foar ancceBslTs stagee or polar eiclutlon 
bj meane ot the canstant electrlc cnrreiit. Dlaintegratlon begins at the anode 
(+) pola. (From VBawoBK, 'BS.) 



Allied, apparently, to the foregolng phenomena are the pro- 
toplasmic changes which follow the sudden breaking of the 
current. Uiilesa the current has been very feeble, the pseudo- 
podia of Actiuospbasrium hegin, at the moment of breaking, to 
coutract and hecome varicose upon the kathode eide, while the 
formerlj' irritated anode side is quiet. Thus, the breaking of 
the current also acta as a stimulua, but this is, in general, 
veaker than that cacsed by making. 

If, now, a current whieh endures for ouly an instant — if a 
single induetion shock ~ ia sent through, the making and break- 
ing stimuli are practicallj eoineident, and a violent response 
may be called forth. Thus, Engelmlann ("69, p. 317) found 
that Amueba, subjected to a strong shock, retracted its pseudo- 
podia, and assumed a spherical form within tvvo seconds ; and 
GoLUBE\v ("68, p. 557) has described a similar response in 
leucocytes. Under similar circumstances, the flagellum of.the 
fl^ellate Peranema (Fig. 29) made an energetic stroke. (Ver- 
woRN, '95, p. 414.) I have spoken above as though there were 
both a making and a breaking stimulus ; but this is not known 
to be the ease. It is generally reeognized from experiment8 
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on muacle, that it is the "making" only of a single induction 
sliock which produces the response ; but Vebworn ('89', pp. 
19-22) has found that in the rhizopod Pelomyxa it is, on the 
contrarj, the breaking excitation ipliich causes the response. 
The subject deservea f nrther ptudy. 

t'iiially, the effect of an alternating current raust be con- 
sidered. This current is characterized by the fact that it is 
composed of a aeries of rapidly repeated instantaneous shocks 





Fig. 29. — Pnuieiiift. a, qnifltl; nrimmliiK ; b, irtiuud bj' ku lodnctlon itrok«. 

(Fnim Vkbworn, '90.) 
Fio. 30. — Actinoaphsrlam elchborall. Stbis. 5howlng effect of the alternating 

curr«nt. At both polee tbe poendopodla sre ODdernolnK a dUlnttgnUkiii, which 

proceedB Miuallj at tlte tiro polei. (From Vbbwohh, '«19.) 



which alternately reverse thelr direction. Thus, each pole of 
the oi^anism aubjected to such a current receives alt«rnately 
the making (or breaking) effects at anode and kathode. The 
maximuni action is thus obtained. Whcn an AotinosphiLTiuin 
is stimulated by such a current, the pseudopodia at both poles 
contract aad become varicose ; and. finallv, the protoplasmic 
substance begins to disintegrate and to flow out from the celi 
tovvards the two electrodes, until the body acquires a biconcave 
form. (Vekwobn, '89*, p. 11.) In this čase the disintegra- 
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tion takes plače at both poles, since both are, altemately, 
anodes (Fig. 30). 

Similar effects have been observed in other cases. Thus, 
when an amobba is subjected to an alternating current, it be- 
comes spherical ; the protx>plasmic streaming of the plasmodia 
of a inyiomyc6te ceases, and, 
witb stronger currents, tbe 
whole mass contracts, water 
being forced out. Finally, 
an atteinpt at a similar re- 
Bult is seen in the stamen- 
hair cells of Tradescantia, in 
which, under stimulation, the 
protoplaBoiic threads segre- 
gate into irregular or sphe- 
roidal clumps. (KijHNE, '64, 
pp. 30, 31, 75, 99.) In aU 
these cases we see that the 
action of a violent current, 
like repeated contact, leads 
(as Engelmann, '69, p. 321, 
h as siiggested) to results 
which can be accounted for 
on the ground of reduced 
cohesion, — first, tendency to 
spherical aggregation, and, 
n iiair finally, disintegration (Fig. 
.4,unstlmu- 31). 

After baving studied tbe 
into diops aDd cinmps. effect of thc electric current 
1 Vbbwoe.-<. '89, »Iter kuhhb, upon Protista and eimple 
"*' cells, it remalns to consider, 

very briefly, its effect upon muscle and upon nerve. Since 
Caldani discovered, in 1756, that frogs, shortly after death, 
could be stiniulated to inovemeut by frietional electricity, and 
Galvani and Volta, towarda the end of the last eentury, 
discovered, by the samo response, the phenomenon of galvan- 
ism, these tissues have frequeiitly been made the subject of 
careful esperimentation. It has been 8hown, not merely that 




rio. 31. — Oaeof thecellBoIa 
of Tiadescatititi virgiolca. 
lated; B, sUraulated by a 
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the nerve can be stimulated to its functions, but that muscle 
from whicli the activity of the nerve has been exeluded by the 
use of curare (which inhibits the action of the nerve, but not 
of the muscle), will contract upon the passage of a current. 

Upon the character of the current, however, depends that 
of the response ; thus, although, as we have seen, a closed 
constant current continues to stimulate Protista, it has been 
said not to stimulate nerve or muscle. A contraction follows, 
it has been maintained, only upon considerable variations in the 
electrical condition, such as result from making or breaking 
the current. It is probable, however, that there is not so great 
a difference in responsiveness of muscle and Protista as would 
seem to be implied, for Biedermakk ('83) has shown that the 
constant current produces a whole series of slight contractions 
in muscle which cannot be regarded merely as a secondary 
result of the making shock; and FiCK ('63) has observed 
contraction due to the constant current in muscles of Lamel- 
libranchia. So that even in muscles, there is an actual, though 
weak, response to a steady, constant current. 

There are two phenomena following momentary shocks ap- 
plied to muscles which deserve notice in passing. First, when 
a single induction shock is passed directly through a muscle, 
we notice that the contraction is not simultaneous with the 
shock, but follows only after the lapse of a certain **latent 
period." This latent period represents, it is believed, time 
spent in transformations going on in the plasma preparatory to 
contraction. Secondly, when we pass (especially in a muscle- 
nerve preparation) a series of induction shocks, closely f ollowing 
one another, as in the alternating current, a very violent con- 
traction is produced, since the new shock comes to the muscle 
before it has had time f ully to relax, and causes a contraction of 
the already contracted tissue. Thus stimulus is superimposed 
upon stimulus, and a summated response (tetanus) takes plače. 

We must now consider more carefully a subject to which 
we have hitherto merely alluded, namely, the relation to the 
electrodes of the point of the organism at which the response 
first appears. Thus, when the amoeboid Pelomyxa is subjected 
to the constant current, a contraction appears, at the time of 
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making the current, at that pole only which is turned towards 
the anode. Wlien the current is broken, on the contrary, a 
eontraction occurs at the kathode, the pseudopodia next the 
anode becoming quiet. (Veuworn, '89*, p. 19.) This relation 
may be expressed in tabular form as f ollow8 : — 





At Anodk. 


At Katuodk. 


Upon making 

Upon breaking 


excitation 
rest 


rest 
excitation 

• 



Ali Protistfi^ do not, however, aeeording to Verworn, respond 
in the same way as Pelomyxa ; thus, with the constant current 
of a certain intensity, he got in both Polystomella crispa, and 
Actinosphoerium, the f ollowing reaction : — 





At Anodb. 


At Kathodb. 


Upon making 

Upon breaking 


excitation 
rest 


rest 
rest 



It must be said, however, that the reactions obtained in any 
čase are dependent upon the strength of current employed; 
thus, with a stronger current, the f ollowing result was obtained 
with Actinosphaerium : — 





At Anodb. 


At Kathodb. 


Upon making 

Upon breaking 


excitation 
rest 


escitation 
excitation 



A comparison of the last two tables seems to indicate that, very 
probably, with a current intermediate between the weak and 
the strong current employed, we should get a result like that 
obtained with Pelomyxa. At any rate, we may say that ali 
these cases tend to group themselves about the Pelomjnca for- 
mula ; — making : anode, excitation ; kathode, rest ; breaking : 
anode, rest ; kathode, excitation. A brief designation of this 
type is desirable. Since the condition at the anode upon 
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making is distinctive, we may call this the anode-excitation 
type, or, briefer stili, anez type. 

Turning, now, to nerve and muscle tissue, we meet with a 
type of response, on making and breaking the current, alto- 
gether irreconcilable with this. As is well known, when a 
constant current is made or broken, ali the tissue lying between 
the electrodes is not stimulated at one tirne, but the excitation 
makes its appearance at the anode or katKode, and thence is 
transmitted to the other pole. One can demonstrate this on 
slow-moving (e.g, extremely tired or dying) muscle at the 
extremities of which the electrodes are placed. The contrac- 
tion begins at one electrode, and travels toward8 the other. 
By using more refined methods, this relation, which holds for 
nerves, striated and smooth muscle (cf . Engelmann, '70, p. 302) 
has been formulated as follows : — 



Upon making . 
Upon breakmg 



At Anodk. 



rest 
excitatioii 



At Kathodb. 



excitation 
rest 



This is seen to be the very opposite of the response given by 
Pelomyxa. It may be called the kathode-excitation type, or, 
in brief, the katez type. 

Having now seen that two fundamentally different types exist 
in the response of the two extreme groups of the animal king- 
dom, the question arises, what is the distribution of these types 
amongst the intermediate forms — the Invertebrate Metazoa? 
Fortunately, through the investigations of Nagel ('92 and '92*), 
we have data upon this subject. In Nagel's experiments, the 
whole animal was employed, the two electrodes were placed at 
the opposite ends of its long axis, the metallic circuit was then 
made or broken as required, and the pole (anode or kathode) 
at which contraction first occurred was noted. Thus, Nagel 
found that when the current was made through the sea-hare, 
Aplysia, there was strong excitation and momentary retraction 
of the parts next to the anode, while next to the kathode the 
body showed a considerably weaker contraction. Upon break- 
ing the current, there was some excitation of the parts of the 
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body next to the kathode, but none at the anode end. The 
result that one obtains depends, however, to a certain extent, 
upon the strength of the current that one employs. But Nagel 
did not, apparently, measure his cilrrents, so there is no cer- 
tainty that his results can be at once duplicated. Taking the 
results for various Invertebrates as they are given, however 
they are instruetive. 

TABLE XIII 





UlH>N MaKINO. 


Upox Bkkajcino. 




At Asodb. 


At Katuode. ; 

1 


At Anode. 


At Katuode. 


Limnseus 


excitation 


rest 


rest 


excitation 


Planorbis 


excitation 


rest 


rest 


excitation 


Aplysia punctata . . 


excitation > 


excitation 


rest 


excitation 


SchsBurgus (octopod) 


excitation > 


excitatioii 


rest 


excitation 


Helix hortensis . . . 


excitation > 


excitation 


rest 


slight excitation 


Ciona intestinalis . . 


excitation > 


excitation 


rest 


rest 


Janus cristatus . . . 


excitation = 


excitation 


rest 


slight excitation 


Pleurobraiichia . . . 


excitation = 


excitation* 


rest 


slight excitation 


Xa8sa reticulata . . . 


weak excit. 


rest 


rest 


rest 



Ali the species in this table (ali of which, except Ciona, are 
MoUnsca) show in their response a more or less elose approaeh 
to the type of Pelomyxa (excitation, rest ; rest, exeitation) ; and 
we may believe that with appropriate stimulus they would re- 
spond in precisely that way. 

In a second class of eases the response of the whole animal 
belongs to the katex type; thus two species examined by 
Nagel showed the following responses : — 





TABLE XIV 








Upon Makino. 


Upon Beeakino. 




At Anode. 


At Katuode. 


At Anode. 


At Katuode. 


Pagunis striatus . . 
Triton cristatus . . . 


rest 
excitation < 


excitation 
excitation 


excitatioD 


rest 



« Inconstant in occurrence. 
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These are representatives of the groups Crustacea and Ver- 
tebrata. 

Among aH the species studied bjr Nagel there was only one 
which gave results not easily assignable to either of the two 
types. This organism is the larva of a dragon-fly, ^schurea. 
Its formula is excitation = excitation ; rest, rest. Nagel says, 
however, that these results were uncertain and variable. 

In some other groups studied — Ccelenterata and Echinoder- 
mata — the current used provoked no response at either pole ; 
while with Amphioxus the current employed produced exeita- 
tion at both poles on both making and breaking the circuit. 
Such variations as these, are, however, easily accounted for on 
the ground that dififerent species require currents of dififerent 
strengths to call forth what may be termed the typical response. 

Not merely betvveen different groups do we find a difference 
in the type of response, but even inside the group of Protozoa 
dissimilarity has been 8hown to occur. Thus Verworn ('89*, 
p. 301) has given reasons for believing that three flagellate 
species, the ciliate Opalina, and some bacteria belong to the 
katex type, although as just stated (p. 133) other Protozoa 
exhibit the anex type of response. 

Finally it appears that individuals of one and the same species 
subjected to different intensities of current may give rise to 
responses belonging to the opposite type8. Thus when a 
medium current is " made " through Triton cristatus the exci- 
tation is greater at the kathode than at the anode ; but when 
the weakest current is employed a making response occurs at 
the anode only, and when a slightly greater inten8ity is used the 
continuance of the current provokes a continuance of the exci- 
tation at the anode. (Nagel, '92*, p. 341.) Likewise the 
reaction of Vertebrate muscle varies with its internal condition. 
Thus degenerated or over-stimulated muscle 8hows predominat- 
ing anode stimulation on making the current ; and transverse 
stimulation of the muscle fibre gives the same result.* 

To sum up, two principal types of response to the electric 
current may be distinguished : the first or anex type character- 
izing most Protozoa, MoUusca, Vertebrates (slightly stimulated). 



* For a discuBsion of these cases see Vsrwork (*89*, p. 24). 
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and weak muscle fibres ; the second or katex type f ound espe- 
cially ainong some Flagellata, Arthropoda, and Vertebrata. A 
third possible type (katanex type) is certainly of very limited 
distribution. Between the two type8 we notice this conneeting 
link, that in some Vertebrates a weak current produces one 
type of response ; a strong current the other. The reason for 
the existence of these two distinct types — one of which char- 
acterizes animals with less dififerentiated, the other those with 
more differentiated, muscular and nervous systems — is stili 
greatly in need of investigation. 

The nature of the protoplasmic change wrought by the 
current is an important matter. We have already accounted 
for the effect that we see in the Protista, on the ground of re- 
duced cohesion. It is probable also that the current gives rise 
in the cytoplasm to chemical changes which are different at the 
two poles. It is well known that when a current is passed 
through a neutral solution of a salt there is produced an acid 
at the anode, and an alkali at the kathode. Since in the higher 
animals, at least, the body contains such solutions, it seems 
probable that acid and alkaline substances are here likewise 
produced by the passing current. This probability is supported 
by an observation of Kuhne ('64, p. 100), who found that the 
violet coloring matter of the stamen hairs of Tradescantia 
become changed by the action of a very strong induction shock. 
He 8ays that a change in the violet fluid, like that which occurs 
at the anode, can be brought about by dilute hydrochloric acid ; 
while a change like that appearing at the kathode can be pro- 
duced by potassic hydrate. An observation of Nagel ('92% p. 
346) suggests also that the current acts by producing a chemi- 
cal change. He finds that that part of the body of the snail 
and the leech which shows most markedly the anode-making 
excitation is coincident with that which is most sensitive to 
chemical substances. So that the reaction to a galvanic, stili 
more to a faradic, stimulation resembles that to a strong, dis- 
agreeable taste (quinine). In this čase the response may 
result either from the chemical substance acting directly on 
the muscles or attacking first the sense organs. In the latter 
čase the response would occur through the mediation of the 
nervous system. 
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So far then we have distinguished two chief efifects of the 
current on protoplasin — a dissociation efifect and a chemical 
effect. It may now be worth while to mention that there is 
good reason for believing that in the more highlj difFerentiated 
animals, like Vertebrates, not ali protoplasm is affeeted to the 
same degree nor in the same way. Thus a nervous and a 
muscular efifect can be clearly distinguished in frogs, for ex- 
ample. The principal efifect is exerted upon the central nervous 
system, for Hermann ('86, p. 415) found that the tail of 
tadpoles is responsive only so long as it contains a piece of 
spinal nerve ; and upon frogs subjected to curare, which inhib- 
its the action of the nerve alone, the current produces a much- 
diminished efifect, giving rise merely to muscular twitchings. 
(Blasius and Schweizer, '93, p. 528.) Very little progress 
has been made, however, upon the determination of the action 
of dififerent intensities upon the dififerent tissues of which the 
Vertebrate body is composed. 

We have seen that the electric current provokes a response, 
and we have seen also that organisms vary in their responsive- 
ness so that a current strong enough to call f orth a response in 
one species is not sufiScient to excite another species. We may 
say that the one species is attuned to a dififerent strength of 
current from the other. This difiference in responsiveness indi- 
cates, of course, a corresponding difiference in composition of 
the protoplasm. Such a difiference may, moreover, be produced 
in a single individual by artificial means. These means are 
the subjection for a considerable period to the electric current. 
Siippose we subject an organismto a current of a strength only 
slightly greater than that just necessary to provoke a response. 
After the current has acted for some time we find that it no 
longer excites. This phenomenon of acclimatization to the 
galvanic current wjis first observed among the Protista, so far 
as I know, by Kuhne ('64, pp. 76, 78), who found that in 
Myxomycetes, after a few induction shocks had been sent 
through the plasmodium, additional shocks of the same intensity 
were without efifect, and stronger shocks had to be sent through 
to cause contraction. Similar results were obtained by Vek- 
woRN ('89% p. 10 ; '89^ p. 272) in subjecting Actinosphcerium 
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and Amoiba to a weak constant current. At first the pseudo- 
podia on the anode side plainly retracted, bat later ceased to 
do so, and, finally, the current stili passing, the retracted 
pseudopodia began to extend again. The aetion of the current 
BO modified the protoplasm as to change th« attunement of the 
organism. 

§ 3. Elex:tkotaxi8 

In studyiDg the snbjeet of aggregation with reference to the 
electric current, we shall consider first the simplest čase of this 
phenomenon as it is exhibited in Amceba ; then pass to the 
more complex fonns of Protista, e8pecially the Ciliata, and after 





Fia. 32. — OalvanoUzls of Amnbk dlffiaeiia. A, Amcebft cieeidiig, nnatimnlated ; 
B, iilMr closing of Ibe constaaC carrent. The Birow Indickt«« Uie dtrection of 
locomotlon. (From Verwokn, '96.) 

that to the Metazoa. After dealing with the phenomena we 
must atteropt to esplain them. 

When such an amceba as that shown in Fig. 32, A, is sub- 
jected in a drop of vater to the aetion of a weak constant 
current, as already indicated (p. 129), it contracts, especially 
upon the face turned towards the anode. If the current is not 
strong enough to produce disintegration at that pole, but only 
repeated contraction, and if meanwhile tlie kathode pole retains 
ita power of throwing out pseudopodia, the amceba muet grad- 
ually move frora the anode (Fig. 32, S}, and it several Amcebte 
are under the cover-glass, they wQl eventually aggregate about 
the kathode. Here we have, then, in its simplest form, a čase 
of electrotaxis, and, since the organism moves toward the 
negative electrode, we may call it negative electrotaxis. 

If no\v, instuad of an amu;ba, we watch a free 8wimming 
flagellate Infusorian, — Traohelomonas hispida (Fig. 33), — we 
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see the long flagellum wliich precedes in locomotion coming to 
lie in the current and directed towards the kathode, so that the 
animal migrates in that direetion. The foUowing explanation 
of the observed faet tliat the flagellum beeoroes directed toward8 
the kathode has been offered by Verworn ('89^ p. 298). The 
flagellum and the pole from whieh it arises constitute the most 
sensitive end of the body. When the flagellum is stimulated 
it beats yiolently, and since it is stimulated most when turned 
toward8 the anode, it beats most violently when iil this attitude. 
A position 180° from this is one of comparative rest. In interme- 
diate positions the degree of stimulation is intermediate. After 
a few strokes the body will "naturally" come to assume and to 
retain that position in which the flagellum is least stimulated. 
More detailed stili is our knowledge of electrotaxis among 




Fio. 33. — Trachelomonas hUpida, 8wimming towards the kathode (— ) npon closure 
of the current. The arrow 8how8 the direetion of locomotion. (From Veb- 
woaN, '89.) 

the ciliate Infusoria. The authors who have worked upon 
this group are chiefly Verworn ('89* and '89**) and Ludloff 
('95). The work of the former shows that the phenomenon 
of electrotaxi8 is exhibited by many species, especially Para- 
mecium aurelia and P. bursaria, Stentor ccerulens and S. 
polymorpha, Pleuronema chrysali8, Opalina ranarum, Bursaria 
truncatella, Halteria grandinella and Stylonichia mytilus. 
Ludloff employed only Paramecium, but studied it mueh 
more completely, especially using various currents of known 
relative intensity.* He found that the precision with which 

* Ludloff emplojed a troagh with wax wall8, clay ends, and glasa bottom, 
and used brush electrodea. The intensities of current given by him are the 
readings of the galvanometer. The cross-section of the water mass in which 
the Paramecia were, and over which the current spread itself, is not exacUy 
given, but wa8 probably about 20 8q. mm. If we employ the unit of strength 
recommended by HaRMAim and Matthias (p. 12S), namely, 1 one-millionth of 
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the Parameoia aggregated at one pole was determined by the 
strength of the eurrent, as f ollow8 : A curient of 3 5 caused 
in general a movement toward8 the kathode, although many 
individuals appeared not to be aiFected bj" it. In 20 seconds 
the aiiode end of the fluid was almost free from Infusoria. 
With currenta of 6 5 and 15 B the aggregation at one pole be- 
came more complete and took plače in a short tirne. Indeed, 
there waa a relatiou found between the time reqmred for 
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Fla. 31. — Cuive BbowiDR relatlon betireen atrenglh of cunents Bud relatiTe tirna 
elapalDg betore Paramerin have a^gret^ted at the kathode. The ordlasies are 
nieasareil hj the reciprocals of tbe uumber ot secoada elspaing ; the abacissns, b; 
the Btrength o[ curtent in 8'fl. 

aggregation at the kathode and the strength of current 
eniployed, which is instnictive, and is given above in graphic 
form (Fig. 34). 

This curve Bhows that as the current increased from 3 S to 
215 the rapiditj of aggregation increased, but as the current 
increased stili further this rate diminiahed untU locomotion 
neaily ceased at above 60 S. The inten8ity, therefore, of 21 S 
l)roduced the most rapid movemeuts. 

Upon opening the current, the Infusoria in aU cases 8wini, 

1 ampere per Bq. mm. (designated 9), then we must divide Lvdloff'! galvo- 
iiometer readinj:^ (given in milliamperea) by yj)g> or (which is the same thing) 
mu1tiply tliem by 50. That will give us Uie current in S'e per sq. mm. AJl ol 
the numerical data given in the text have undergone titia operatioD. 
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r»pidly for a moment, towardii the opposite pole (anode), but 
tben qmckly begin to redistribute tbemselves throughout the 
water. This redistribution bas occurred in about 20 seconda 




Fio. 3G. — Appkniui torstiidyiDgfll«ctnit>jiUutPamnevlam. A recutiBalar ttoogh, 
irhoie ends are oi clajr »nd aldei ot w>z. Is built upoD a giaaa plate. The corrent 
Is appUed bj means of btusb electrodeo. The directlon ot tbe migntloa ot tha 
paiameclii i» Indlcaud by the Krruir. Thej move toiranU the katbode. (From 
VSKWOttM, '9B.) 

after tbe current is broken, aud tbe time is independent of the 
strength of the preezisting current. 

Tbe movement of the Infusorian from one pole to the other 
takes plaoe along tbe lines of flow of the current. If the ter- 
minale are two parallel plates, tbese lines are about parallel 
(Fig. 35); if tbey are two points near the opposite sides of 




Tia. 30. — CarrM mada by P«ntnecla Id It« galvMtotaciic rasponsa when polnted 
electrudea ue used ia tbe drop o( nter. A, begliuiiDg ot mlgration ; B, com- 
plete aggregBtioD. (From Vsi 



a water drop, the lines bave the direction of the lines made 
by iron (ilings scatt«red on a plate over the two poles of a 
magnet (Fig. 36). 

Ilesides this patb of general migration, the form of the patb 
followed by individuaU varies with the current. Normallj 
raramecium moves in a long spiral. As tbe ourrent is in- 
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oreased, hoverer, this spiral becomes shorter, i.e. has more 
tums per centimeter of progre&sion from one pole to the other 




Fia. 37. — Form ol the path of Parainecinm mider diflerent condltloos. a, vrbeo not 
aubjectad to the coDstant currsnt; b, vbeosubjected to sBUgbtcurrent; e, irheD 
■Dbjectad to a atlll itronger one. (From Ludloft, '9S.) 

(Fig. 37), until at 60 S, in making one turu of the spiral, the 
organism progresses hardly more than its own leogth. 

FiDally, the efTect of the cutrent 
upon the movement of the cilia must 
be considered.* In the resting Para- 
mecium the cilia rise perpendicular)y 
from the Burface of the bo(ly (Fig. 38). 
If an individual stands with its ante- 
rior (blunt) end towards the anode, 
and a cuirent of 85 passes through, 
the cilia at the posterior (kathode) 
end begin to vihrate. If the individ- 
ual lies transveree to the current and 
the current is closed, the cilia on the 
kathode side vibrate, those on the 
anode eide being quiet. With a cur- 
Zth^X^"' ^ biTni rent of 16 S one can see that the kath- 
ead ia aoterior. (From ode stimulatioD increases the fonvard 
mDLOFF.'».) (anteriad) phase of the cilium move- 

ment (the " recovery "). With an intensity of 24 5, vibration 
of cilia occurs at hoth kathode and anode. It is, however, more 

* LcDLOFF wB8 enabled to make a careful stady of the eSect of the current 
on the cilia by making nse of geUtins solutiona aoch as have been recommended 
by JamiH cgS, p. 566). 
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intense at the kathode and is also in opposite directions at the 
two poles. This law is important, and may be thus formulated: 
The current intensijies at the anode the backivard movementa and 
at the kathode thefonvard movements of the cilia^ and the latter 
are more intensified than the former; or, in other word8, the 
anode stimulation increases the efFeetiveness of the normal 
stroke, the kathode stimulation diminishes the efFeetiveness of 
the normal stroke, and the diminishing efFect is the greater of 
the two. 

On the basis of these observed facts, Ludloff has proposed 
a theory which accounts for several of the electrotactic phe- 
nomena in the Ciliata, especially the fact that with strong 
currents there is a diminution in the rate of locomotion, and 
that at a lower intensity the axis of the organism is placed in 
the axis of the current, with its anterior end towards the 
kathode. This theory may be stated as follows: In every com- 
plete swing of a cilium two phases may be distinguished — 
the backward "stroke" and the forward "recovery." Nor- 
mally the stroke is the more efFeetive, otherwise forward loco- 
motion would not occur. The exces8 in efFeetiveness of the 
stroke may be designated by the quantity x. Let us assume ^ 
Paramecium lying in the axi8 of the current with its anterior 
end towards the kathode. Then the stimulus received at the 
anode or hinder end increases the effectiveness of the stroke by 
a quantity which we may designate m. Thus the exces8 
energy of the stroke over recovery is for these hinder cilia 
iT + m. The stimulus received at the kathode or anterior end 
diminishes the effectiveness of the stroke by a quantity which 
we may call n, which is larger than m. Here the excess energy 
of stroke over recovery is a: — n. If at any intensity of cur- 
rent n exceeds x^ the anterior cilia will work to oppose the 
forward motion of the individual, and when n — 2: = x -h 7w loco- 
motion will not occur. Such a strength of current probablv 
occurred in the experiment given on p. 142, where locomotion 
ceased at above 60 8. 

To account for orientation of the axis and its anterior 
end, we have merely to apply the general law given above. 
Let us suppose that we are observing a Paramecium Iving in 
the axis of a current of medium intensity, with its anterior 
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end toward8 the anode. Since n is here supposed to be less 
than o;, the resultant efFect is to move the animal forward. In 
moving forward in its spiral course, one side becomes presented 
to the anode. On this side the excess of energy of the stroke 
is o; + ?n, while on the kathode side it is a: — n. The resultant 
efifect of the cilia on the two sides forras a couple which revolves 
the organism about one of its short axes until it comes again 
into the axis of the current, but with its anterior end towards 
the kathode. The beating of its cilia must now carry it towards 
the kathode (Fig. 39). 




Fig. 39. — Diagram 8howing the successive attitudes (a, 6, c, d, and e) assomed by 
Paramecinm when its bead is tnrned toward8 the anode at tbe beginning (a). It 
rotates till its head is nezt the kathode (e). (From Ludloff, '95.) 



Bef ore leaving the Protozoa, we ought to look over the whole 
field. We have hitherto considered only eases of migration 
towards the kathode — negative galvanotaxis. Verworn 
('89**), however, has found that some Protista are positively 
electrotactic ; namely, the flagellata, Polytoma uvella, Crypto- 
monas ovata, and Chilomonas paramecium ; the ciliate, Opalina; 
and some bacteria. Finally, Verworn ('95, p. 446) describes 
one of the elongated Ciliata — Spirostomum ambiguum — which 
places its long axis across that of the current and migrates 
towards neither pole, a condition which may be called (after 
Verworn) transverse electrotaxis. 

Passing now to the Metazoa, we find investigations concern- 
ing electrotaxis among Invertebrates by Nagel ('92 and '92* 
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and '95), and Blasius and Schweizbr ('98); and among 
Vertebrates by these authore and also Hermann ('85 and '86), 
E\VALD ('94, '94% and '94**), Hermann and Matthias ('94), and 
Waller ('95). The number of species investigated has been 
considerable. I give \)elow a table of the Invertebrate genera 
studied and the sense (+ or — ) of their response at the given 
intensitj of currents. Barely rough quantitatiye eipression 
of strength of current can be deduced from Nao£L's paper. 
Where no data are given the currents are supposed to be of 
intermediate strength. N. stands for Nagel, B.S. for Bla- 
sius and Sghweizer. The numbers which follow give the 
year of publication and the page. 

TABLE XV 



SraoiFio Vamm, 



Mollusca : 

Limnsea stagnalis 

Var. other Gastropoda (probablj) 

Annelida : 

Lumbricus 

Tubifex rivulorum 

Hirudo medicinalis 

Branchiobdella parasitica 

Cnistacea : 

CycIops 

Asellus aqaaticus 

Astacus fluviatiluB 

Insecta : 

Notoiiecta 

Corixa striata 

Dytiscus marginalis 

IIydrophilus piceus 



Stbshoth of 

CUKESMT. 



weak 



0.88 



strong 
strong 
0.48 



1.98 
1.98 



SiMBB OF 
BBSrOMSS. 



+ 
+ 
+ 

+ ? 

+ 
+ 



ArTHOUTT. 



N. *95 

N. *92*; '95 

N. »95, 626 
N. '95, 681 
B.S. '92, 516 
B.S. '92, 516 

N. '92, 629 
N. '95, 633 
B.S. '92. 518 

N. '95, 636 
N. »95, 636 
B.S. '92. 519 
B.S. '92. 519 



From this table it appears that Mollusca and Annelida are 
usually negatively electrotactic to a current of medium iuten- 
sitj', while Arthropoda are mostlv positiveljr electrotactic to 
such a current. It is noteworthy, however, that two quite 
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closelj allied beetles like Dytiscus and Hydrophilu8 should 
by the same observers be found to react in different ways. 

In addition to the species named, some have been studied 
which have given no results. Thus Nagel ('95, p. 639) ob- 
tained no response from the larva of Libellnla depressa, even 
with a wide range of current-intensities. 

Passing now to the Vertebrata, we enter a region in which, 
as a result of more numerous studies, the data are more volu- 
minous, but at the same time less in accord. Since many mat- 
ters are here stili in dispute, we may best consider historically, 
i.e. in chronological sequence, what has hitherto been done in 
this field. 

The first person to deseribe the phenomenon of electrotaxis 
in Vertebrates — as, indeed, in any organism — was Hermann 
('85, '80). . He used frog larvse 14 days old, held in a shallow 
reetangular porcelain trough, along the two small oides of which 
thick zine wires were placed, conneeted with a chain of 20 small 
zinc-carbon elements. No mention of the strength of the cur- 
rent except such as can be gained from these facts was made. 
This omission of quantitative details is to be regretted, since 
had the strength of current to which the organisms were sub- 
jected been given, much subsequent confusion might have been 
avoided. With this current, then, of unknown intensity, flow- 
ing through the water containing the larvae, ali of the latter 
were seen to plače themselves in the axis of the current with 
their heads directed to\vard the anode. This orientation was 
the consequence of the fact that a current passing cephalad 
through the larva acted as a violent stimulus ; but while 
passing caudad it brought stupefaction or even (temporary) 
paralysis. 

The results obtained by Hermann were now confirmed and 
extended by Blasius and Schweizer ('93). They employed 
a wooden trough with sheet zine electrodes of nearly the cross- 
section of the smaller ends of the trough, and experimented 
upon fishes, Salamandra, and the frog. The weakest current 
employed \vas 0.35 S to 0.47 S, whicli merely affected the char- 
acter of the swimming of the fish subjected to it, without 
determining its direction. The next stronger current men- 
tioned was 1.58 S. With this current a marked orientation of 
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the fish with their heads to the anode was noticed. With 
Salamandra larvse currents of 2.3 S to 4.7 S were chiefljr em- 
ployed. In the experiment8 of Blasius and Schweizeb the 
organisms sometimes migrated toward the anode, if the cur- 
rent was not so strong as to stupefy, but they lay stress upon 
the point that the migration is a 8econdary phenomenon — that 
the orientation is the primary effect of the current. 

Next came the observations of Ewald ('94), who used very 
young tadpoles (5 days) and non-polarizable points as elec- 
trodes. Thus he was not able to give the strength of current 
to which the individuals were subjected. His results seemed 
directly to oppose those of the two preceding authors, for 
with his (unknown) current, the tadpoles were stimulated 
when the current passed caudad and stupefied by one passing 
cephalad ; also they placed themselves in the axis of the cur- 
rent with their heads towards the kathode. The larvse did 
not seem to find this position as a direct response to stimulus, 
but wheneyer an individual, in its tumings to the right and 
left, fell into this — electrotactic — position it was no longer 
stimulated, but stupefied, and so came to rest. 

These discordant results of Ewald led Hermann, with his 
študent Matthias, again into the discussion. By careful 
measurements of the strength of current, they found that 
between 0.3 S and 1.5 S frog tadpoles of from 1 to 3 weeks old 
did face the kathode, as Ewald found, and did move towards 
it. But Hermann and Matthias ('94) believed this result 
to be due to the fact that only cephalad-flowing currents of this 
inten8ity excite, and thus only such currents are able to pro- 
duce locomotion. 

Ewald ('94**), however, cannot accept their idea that a 
caudad-passing current of small intensity produces no excita- 
tion, for, he says, he has seen small fish, Ijing with face to the 
anode, made to move to\vards the kathode by the action of the 
weak current. Since Hermann and others have shown that 
very strong currents cause paralysis even when flowing cepha- 
lad, Ewald concludes that we must recognize the existence of 
three different effects at three intensities; weakest, medium, 
and strongest. The medium current (which has the broadest 
range) is that by which the organisms are irritated as it flows 
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cephalad, so that they come to lie with head towards anode ; 
the weake8t current is that by which (following Evvald) 
the organisms are irritated as it flows caudad, so that they 
come to lie facing the kathode; finally, the strongest cur- 
rent is that at which a violent stimulation leading to paral}-- 
sis is produced by the cephalad-flowing current (as well as 
the caudad?). 

In seeking f or an explanation of electrotaxis in Metazoa, it is 
necessary, first of aH, to notice that there is a close relation 
between response to the make-shock (as described on pp. 136, 
137) and the direction of orientation of the body in electro- 
taxis. Thus aH gastropods studied are, upon making, excited 
chiefly at the anode, and, corre8pondingly, ali gastropods hitherto 
studied when subjected to the current face the kathode ; so on 
the other hand, such Crustacea as have been studied are stimu- 
lated at the kathode, and they accordingly come to face the 
anode. In regard to Vertebrates, we have apparently a double 
electrotactic orientation varying with the current, and corre- 
8pondingly we have, as Nagel has shown (p. 137), a double 
irritability depending on the current. A medium current pro- 
duces a kathode excitation and an anode orientation; while 
the weakest current produces an anode excitation and a 
kathode orientation. So we may lay it down as a general 
law : Poiitiveljf electrotactic organisms ezhihit the katex type of 
irritabilittf ; and negativelt/ electrotactic organisms ezhibit the 
anex type or^ in general^ the electrotactic organism tums tail to 
the ezciting pole. 

EwALD ('94, pp. 611-615) accounts for this difference of 
response of Vertebrates to weak and strong currents, by the 
aid of certain observations that he made upon the excitation 
of the nerve cord. We have already seen that the making 
of the medium constant current stimulates at the kathode, so 
that an animal tums tail to the kathode. Ewald found that 
the two parts of the dorsal nerve were differently stimulated 
by the current ; the brain was stimulated chiefly by a caudad- 
passing current ; the spinal cord chiefly by a cephalad-passing 
current. This conclusion was established by two experiments. 
First, the two electrodes, placed a few millimeters apart, are 
brought into contact with different parts of the body of a fish. 
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Let the current be passing through the fish f rom the anterior to 
the posterior electrode. At the tail end we get no excitation ; 
and, as we pass forward, the body remains quiet until, pass- 
ing the region of the meduUa oblongata, an excitation appears. 
If the operation is repeated with a reverse current, we get 
exeitation behind the head and quiet on the head. Second^y, 
if a frog larva be cut in two transverselj at the root of the 
tail, the head end is irritated only by a caudad-flowing cur- 
rent ; the tail end only by a cephalad-flowing current ; while 
in both cases the opposite current quiets. (Cf. also Ewald, 
'94^ p. 162.) These observations were now made use of to 
explain the opposite orientation of the tadpole in the presence 
of weak and strong currents. Nagel assumed that the weak- 
est currents can afifect the brain only. Now if that current 
runs caudad, it will strongly stimulate the body so that it turns 
tail to the anode. The medium currents, however, stimulate 
the whole dorsal nerve, but the spinal cord to a preponderating 
degree, so that a cephalad-passing current irritates more than a 
caudad current, and the animal will turn tail to the kathode. 
Thus weaker or stronger current will determine — or -h 
electrotaxis. 

SUMMARY OF THE ChAPTER 

Electricity affects protoplasm in two principal way8 : first, 
by causing contraction ; second, by determining orientation. 
We can distinguish two principal types of contraction phe- 
nomena and, corresponding to and dependent upon these, two 
types of orientation phenomena. The first type of contraction 
is that which is produced, upon making the constant current, 
chiefly at the anode ; the second is produced chiefly at the 
kathode. The corresponding orientation or migration type8 
are, facing the kathode and facing the anode. Since the orien- 
tation phenomena are dependent upon the contraction phe- 
nomena, the most important causes to be investigated are, first, 
that of contraction, and second, that of the difference in tvpe 
of contraction exhibited by different organisms. The funda- 
mental teaching of this chapter is that the electric current acts 
as a stimulus upon protoplasm, and may determine the charac- 
ter of its activities. 
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CHAPTER VII 

ACTION OF LIGHT UPON PROTOPLASM 

In this chapter it is proposed to discuss (I) the application 
and measurement of light; (II) its chemical action; (III) the 
effect o£ light upon the general functions of organisms; and 
(IV) the control of locomotion by light — phototaxi8 and 
photopathy. 

§ 1. The Application and Mbasubement of Light 

Light, which as a form of radiant energj is closeljr related to 
radiant heat, is always accompanied by a certain quantity of 
heat, whose action (in at least one control experiment in every 
set) should be eliminated. To cut out heat without great loss 
of light, we must employ transparent adiathermal media. Of 
these, a plate of ice is the most effective, but alum, on account 
of its higher melting point, is more convenient. A parallel- 
sided vessel fuU of distilled water, or, stili better, a saturated 
aqueoiis solution of alum, forms an inexpensive, highly adi- 
athermal screen. 

The quality of the light used in any experiment should be 
carefully determined. If any other light than that of the sun 
or incandescent solids is employed, it should be subjected to 
spectroscopic analysis. For biological purposes a direct-vision 
hand spectroscope, such as Browning's, is convenient and 
adequate. 

Often monochromatic light or a definite range of the spectrum 
is desired. This may be obtained in various ways. The 
purest monochromatic light can be got by making a long spec- 
trum and using the desired part of it. To make such a spec- 
trum one may employ, in a dark room, a lamp, followed in 
succession by a slit and a lens to form an image of the slit 
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on a prism of bisulphide of carbon,* which gives very great 
dispersion of the rays. 

In defining the regions of the šolar speč trum which are 
emplojed in any study, it is usual to make reference to the 
dark absorption bands (Frauenhofer's lines) which eross 
the šolar spectrum. The largest of these are lettered, begin- 
ning with A in the visible red and ending with H in the 
visible violet. At other times it may be more convenient to 
define any part of the spectrum by means of the extreme 
wave lengths between which it lies. Lithographs showing the 
spectral colors and the wave lengths corresponding thereto 
are given in encyclop;edias and most of the text-books on 
phy8ics. A crude attempt is made to show the relation be- 
tween color and wave length in Fig. 40. The wave lengths at 
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Fio. 40.— Diagram of the šolar spectmm 8howing the main absorption bands and the 
range of the various spectral colors. The numbers are waYe lengths in hundred- 
thousandths of a millimeter. (From Rbinks, '84.) 

the different absorption bands are given more exactly (in thou- 
sandths of a millimeter, = /i) in the following table, and also 
the.number of wayes per second in lO^hs. 

TABLE XVI 



ABAOBmuN 

Baxd. 



A 
B 
C 
D 



A. 



0.760 /i 
0.687 /A 
0.656 /A 
0.589 fi 



VlRBATIOlCS FKR 


AD90SPTI0!« 


Sbcond n X 


10". 


Bxyv. 


392 




E, , . . 


433 




p 

M . . « • 


451 




» r . . . . 


506 




H , » m , 

1 



Watb Lkxgtii, 
A. 



0.527 fi 
0.486 fi 
0.431 fi 
0.397 fi 



ViB&ATIOKS rSB 
SiCOND ft X lOU. 



566 
613 
692 
751 



* The bisulphide prism may be made as follow8 : Upon a thick glass plate 
tbree rectangular pieces of glass of equal size are placed perpendicularly, so m 
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Estreme ultra-violet X = 0.295 >*; 1010 x 10" vibrations per 
second. 

To obtMn moDochromatic light from the apectnim, REtXKB'8 ('84) spec- 
tTophor will be found useful (Fig. 41). In this inatrument a beam of sun- 
light caat bj a heliostat through a slit at IT is converged by meaiis of an 
iuterpolated letia. O, upon a prism, P, set at the angle of miDimum devia- 
tion. Passing through this prism the rays &re dispersed and a spectruni is 
formed upon a diaphragm D, i>j compoBed of lialves bounding a second slit 
whose position aiid width maj be varied at will so as to include any desired 
part of the speotriuii. A large lens C lcnown as the collector brings the 
rays which bave passed through the aecond slit to a focua at £. Jast in 




'lo. 41.— Diagram slunrtng tho 
conattuutioii uf Reinkk's 
spectroplior and tbo patb 
of Uie ra;s In it. H, allt 
next to helioBtat : O, pro- 
jecting letis; P, priam; S. 
Si, scale marked nilh wave 
lengtba; Zt, Z*], diaphrugin, 
including a variable slit : c, 
C], collecljiig len«; K, poai- 
tioD oF objctt subjected to 
tbe rafB. Tbe spectrutn 
Tangea from * = O.TOm to A = 
t, 'tU.) 

front of tbe diaphrt^m b placed a scale iS, 5, of nave lengtha fitted lo the 
spectnim obtained. Such a scale may be constructed with reference to the 
position of FRAi)KNHOFBR'a Hnes by interpolatioii from Fig. 40.» To in- 
clude raya whose wave lengtha differ by exactly 0.05 fi the slit raust be wider 
vhen at the blue end tban when at the red end of the Bpectrum (Fig. 40). 

to form a hollow, triangular (60°) prism. The plates are fixed to each othcr 
aod to the glasa base by a pasty cement made by miting plaster of parla and 
liqtiid glue. This cement soon hardens, and Is not attacked hj the carbon 
dlsnlphidc. The hollow prism is now fiUed wlth fluid, and a triangular glass 
plate is cemented on as a cover. 

* It artificial light is used, tno pointa on the acale can be obtained as tollowa : 
Volatilize in a Bunsen flame, lempoTari1y replacing the lamp, a salt of barium 
and one of calcimn, and note the position of the Eitreme blue band on the former 
(line F) and the yellow band of the latter (line D). After determining tbese 
two poiabs tbe remainlng lines can be plotted upon the scale. 
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A second method of getting monochromatic liglit is by the 
use of flames tinged ^ith various volatilized metals. Of these, 
lithium salts give reds at X=0.67/i and X=0.61/i, sodium salts 
give a pure yellow light of X=0.59/i, thallium salt« (poisonous 
vapor) a green at about X=0.54/i, and indium salts a blue and 
a violet, botli beyond X=0.46/i. The number of metallic 
vapors which g^ve even nearly monochromatic light is, however, 
not large. 

A third method for producing monochromatic light is found 
in the use of solutions of pigments. Such solutions may be 
held in deep glass vessels whose back and front glass surfaces 
are parallel and near together. In the following table are given 
in the first column the names which may be applied to differ- 
ent parts of the spectrum, following Helmholtz (Handbuch, 
p. 251); in the second column the pigments which while dry 
g^ve corresponding spectral colors in difiFuse daylight and which 
may also be used in making solutions ; and in the third column 
certain pigments which in solution Yung ('78, p. 251) found to 
transmit almost exclusively the part of the spectrum named in 
the first column. 

TABLE XVII 



From oater limit to line C, red . . . 


Cinnibar. HgS 


Alcoholic solution f uchsin * 






(Termilion) 




C to 


j^ ( oraoge 


Minium 






* i ^Iden 7eUow . . . 


Litharge. PbO 




D to 


^ i yellow 

' 1 7ellow-green .... 


Cbrome yellow. 


Concen. Sol. potassic chromata 


PbOjCrO, 


(a little red and green) 


E to 


6, green 


cnpric araenite, 
ScH££i.'8 green 


Nickel nitrate, XiO,(NO,), 


h to 


F, transition from 
blue-green to blae 






F to 


FhG, cjranite blue .... 


Berlin blue 


Bleu de Lyon (a little V) t 


F\ to 


G, indigo blue 


Ultramarine 




G to 


H, Tiolet 




Violet de Parme 



Solutions made up from these pigments should, however, be 
examined spectroscopically before using to make sure of the 
purity of the color. 

* AUo a solution of iodine in carbon disulphide. (Punoshbim, ^80, p. 409.) 
t F to IT is given by ammoniated copper sulphate, CuSo4*4 NH« + UfO 
(PaiNGsasiM). 
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Finally, a fourth and decidedlj practical way of obtaining 
pure colors is by the use of transparent plates of colored glass or 
other transparent solids. It is very difficult to get monochro- 
matic glasses of certain colors in the market. A pure red is 
easily obtainable; the blue is apt to contain some red also ; and 
the green, both blue and yellow. Lord Rayleigh ('81, p. 64) 
has used " films of gelatine or of coUodion, spread upon glass 
and impregnated with various dyes, gelatine being chosen when 
the dye is soluble in water and collodion when the dye is soluble 
in alcohol." This method seems to me to be of wide applica- 
bility in our light experiments. For solid media are, after ali, 
far less troublesome than fluids, vapors, or spectra ; and con- 
venience is one of the most valuable qualities of a method. 

A brief statement must be made concerning the phy8ical 
properties of the different light waves. An inspection of any 
prismatic šolar spectrum shows that certain parts are brighter 
to our eyes than others, and a thermometer placed in different 
parts of the spectrum indicates a higher temperature towards 
the red end. Curves are given in Fig. 42 which show the 
relative warmth of different parts of the visible spectrum both 
when the spectrum is a normal one (i.e. such as is given by a 
diffraction grating, where ali rays differing in wave leng^h by 
0.1 /Lt are equally distant) and when it is prismatic (in which 
there is a crowding of rays at the red end). Curves of relative 
brightness and of relative chemical (actinic) activity, so far as 
can be judged from the union of chlorine and hydrogen, are 
also given, for the prismatic spectrum. Being laid off on the 
"normal" scale the curves last mentioned are somewhat dis- 
torted. From these curves it appears that the brightest part 
of the spectrum lies between lines D and JF, at X=0.59/x;* the 
warmest part is, in the normal spectrum, near X=0.60/i, but 
in the prismatic spectrum, beyond the visible red, at about 
\=1,00 fM. Finally, the chemical activity of the rays increases 
toNvards the blue end of the spectrum, but the relative activity 
is different for the different substances acted upon. Measured 
by their ability to unite chlorine and hydrogen, the rays having 



* Mengarini (*80, p. 136) finds the point of ynax1mnTn brightness to lle at 
about 0.57 m* 
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Fn. 42. — Soale o( normal gnlar spectrnm, sbove wbkh U <]rHwn the normal mrve 
ot rulatlve wumlJi ; alsu the curvea ot r«latlTe WBnulb, brightness, and actiiiism 
ot the prUmalic Bolar spectmiD. The curvcs ot »anuth dre taktu from L.imilry 
('SI, p. 3.1:1) ; the cnrve ot brluhtnesa is conilnioted (rom tbe dftla ot Vikkubiit 
(T3, p. IT) ; Uut «t avlinism Is takcn from Busaa:« anJ Robcob ('59, p. ii>») nii>l 
indlcates tbe rehitlve efficleacy o( tbe differeat njs of tho midila; »un lii cniis- 
log the DDion of rblorine and bj-drugeu. Tbe absolute vsiue of tbe ordluatcs U 
eutlrelf arbltrair- 

a longer ■»■ave length than 0.51 /i have feeble cliemical actioii ; 
at about X=0.42^ tliU action reaches n inaxiinuiii. 

Not onij- the quality but aiso the iittciisity of tht; light \vith 
which we experimcnt imist l>e kiioHii. It ia, fortunatelj", qnito 
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easy to determine the intensity of white light in terms of a 
recognized iinit ; namely, a paraffine candle burning at the rate 
o£ 7.78 grammes per hour. A paraflSne candle burning at this 
rate has one candle power (C. P.) ; burning at t\vice this rate, 
2 candle power, and so on. A comparison of any other light 
with this standard may be made by means of any of the well- 
known photometers, of wliich text-book8 of phy8ics give a 
description. 

The determination of the intensity of a colored light requires 
an additional piece of apparatus ; namely, a spectrophotometer. 
The two principal types of spectrophotometer are that of 
ViERORDT (73) and that of Glan ('77), both of which 
have undergone important improvements. The principle in 
both types is the same. A spectrum of both the unmodified 
(standard) light and that which has passed through the colored 
screen are made side by side, so that their corresponding colors 
can be compared. Since the source of light is the same, every 
part of the spectrum of the unmodified light will be brighter than 
the corresponding part of the spectrum of the colored light. 
To bring the corresponding colors in the two spectra to the 
same intensity, the unmodified light must be made less intense 
to a measurable extent. In Vierordt's spectrophotometer 
this result is brought about by narrowing that half of the slit 
through which the unmodified light passes to ^et to the prism. 
In Glan's apparatus the diminution in intensity is gained by 
the polarization of both lights and the obscuring of the brighter 
by the rotation of its analyzing Nichol prism, until equality 
of brightness is obtained. A modified form of ViERORr)T's 
convenient instrument is made by H. Kruss of Hamburg, 
Germany. A modified form of Glan's photometer is de- 
scribed by Vogel (77). 

VoGEL*8 apparatus (Fig. 43) consists es8entially of a collimator contain- 
ing (1) a slit of changeable width, separated by a band q into an upper and 
a lower part to receive respectively the modified and the normal light ; (2) a 
lens to render the rays parallel before they impinge upon (3) a doubly refract- 
ing quartz prism, by which both upper and lower rays are broken into two 
polarized rays. Of these four ravs the uppermost and the lowest are cut 
off by a diaphragm near F^ so that only the middle two, which lie near 
together, pass eventually to the eye. These two rays are oppositely polar- 
ized and come, one from the upper,. the other from the lower slit. The two 
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rays now pass through (4) a XicnoL prism (capable of being rotated along- 
side a graduated are) set at 45^, in which position both ravs pass through 
withoat changed relative intensity. The ravs emerging from 

the coliecting telescope are now dispersed by 
passing through the vertically placed prism, 
and the adjacent paraliel spectra are observed 
through a telescope. By a rotatiou of the 

NiciiOL prism through an 
observed number of degrees 
the stronger light may be 
brought to the intensity of 
the weaker. The relative 
intensity of two lights with 
reference to a third (con- 
stant) is as the 8quares of 
the tangent of the angle 
through which the Nichol 
prism has been rotated. 
Other modifications of 
Glan's photometer are those of Lord Ravleigh (*81) and 
of Le A ('85), upon which the spectrophotometer of the 
Cambridge (Eng.) Scientific Listrument Co. is based. 




Fio. 43. — Diagrams 8howiDg con- 
struction of Vooel's spectropho- 
tometer. 1. Horizontal section 
through the optical aiis. ^f, 
mirror to reflect standard light, 
by aid of a totally retlecting 
prism p, into the optical azis. 
S, shutter with slit divided into 
an upper and a 1ower half l)y 
means of a band q : C, colli> 
mating lena. D, doubly ref ract- 
ing quartz prism: m, m, the 
holder of the Nichol prism A", 
which can be rotate<l through an 
are t bat can be read ofF from a 
graduation on m, m ; P, a tlint 
glass prism ; B, F,0, observing 
telescope, in which, at the focal 
point, near F, is a diaphragm 
cuttinf^ out the two outermost of 
the fonr spectra comin^ thnmgh 
B. 2. Fn)nt view of the shutter. 
(From Vogel, 77.) 



§ 2. The Chemical Action of 
Light upon Non-ltv^ing Sub- 

STANCES 

The process of photographj has 
made us familiar with the fact 
that daylight acts upon the halo- 
gen salts of silver, gold, platinum, 
and other metals, although the 
nature of the chemical ehange 
wrought by the light is uncer- 
tain. It is not, perhaps, gener- 
allj- appreeiated, but it is well 
kno\vn to chemists, that light 
can produce or further verv 
many chemical ch«anges, particu- 
larly among organic comj)ounds. 
The efifects are mainlv dne to the 
blue and violet rays, hence are 
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not the results of the heat of sunlight. Most of these chemi- 
cal effects may be grouped under four heads. 1. Synthetic ; 
2. Analytic; 8. Substitutional ; and 4. Isomerismic and Poly- 
merismic. A few others may be classed (5) as fermentative. 
Let us now consider each of these five classes.* 

1. The Synthetic Etfects of Light will be considered chiefly 
with reference to organic compoimds. Ali the cases I have 
gathered fall into three groups : addition to the organic com- 
pound either (a) of oxygen, ()8) of chlorine or bromine, or 
(7) of another organic compound. 

Among the compounds which take up oxygen is bilirubin, 
^82'^86^4^6' ^ solution of which, in sunlight, even when air is 
excluded, oxidizes to biliverdin, C32ll8gN408. In the absence 
of sunlight this change requires air (B. III, 418). DuCLAUX 
('87, p. 353) finds that vegetable oils, such as olive or palm 
oils, are rapidly oxidized if exposed to light. Chastaign ('77, 
p. 198) believes this oxidizing action of light upon organic com- 
pounds to be of very wide-spread occurrence ; the blue-violet 
part of the spectrum being, in this respect, the most active. 

The direct combination by means of light of a halogen and 
another substance is also not rare. Thus, in daylight, hydro- 
gen unites with chlorine explosively. It imites with bromine 
also, although with difl&culty. Similarly, equal volumes of 
chlorine and carbon monoxide unite quickly in the sunlight or 
magnesium light to form carbon monoxid chloride, COCI3 
(B. I, 546). Again, when chlorine is passed through alcohol 
under the influence of strong sunlight or magnesium light the 
two substances unite and produce chloral hydrate (Street and 
Franz, '70). Like\vise, when chlorine is passed, in sunlight, 
through a solution of CgH^CljOg in CS^, there is formed 
C3H2CI4O2, two atoms of Cl having been added. Finally, 
C2Clg may be made by uniting C2CI4 and Clg in sunlight (B. I, 
158) ; and the compound C2H4 • FeBrj- 2H2O may be made by 
passing, in sunlight, C2H4 through a concentrated aqueous 
solution of FeBrg (B. I, 113). 

* Most of these cases were obtained by searching through Beilstein ('86-'03). 
References to this book will be made throughout this section by the letter B, 
followed by the immber of the volumc aud page upon which the statemeut may 
be found. 
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Important cases of the direct sjnthesis of organic compounds 
are given by Klinger and Standics ('91). These authors 
ha ve 8hown that in sunlight (and not in the dark) phenanthren- 
chinon iinites directly with benzaldehyd to form a third eom- 
pound phenanthrenhydrochinonmonobenzoat, in aecordance 
with the formula : Ci^HgOj 4- CgHgCHO = C^^U^ (OH) 
(O • CO CgHg). Again, ehinon (benzochinon) and benzaldehyd 
may unite in the sunlight to form benzohydrochinon, aceording 
to the formula : C^U^^ 4- CeH^CHO = C^UfiO C^U^dOU^. 
Finally, benzochinon and isovaleraldeliyd may 8imilarly unite 
to form isovalerochiiihydron, thus : C^H^O^ -h C^H^CHO = 
C^HgCO CgH8(HO)2. These cases, then, are examples of 
organic compounds which are wholly indififerent in the dark, 
but which, subjected to strong sunlight, lose their identity by 
uniting directly ; they may suffice to illustrate the important 
8ynthetic eflfect of sunlight on non-living, organic compounds. 

2. Analjtic Etfect of Light. — Cases of this eflfect are nu- 
merous, varied, and striking. I will cite a few. The organic 
dibasic acids C^Rgn-^O^ break up in the sunlight and in the 
presence of a small quantity of uranium oxide, into CO^ and 
an acid C„H2n02 (B. I, 63). For example, oxalic acid, CjH^O^, 
breaks up thus into formic acid, CHjOj and COj. Also an 
aqueous solution of butyric acid, C^HgOji in the presence of 
uranyl nitrate, breaks up, in the sunlight, into CO2 and 
CgHg (B. I, 422). We have seen that chlorine will unite 
directly with organic compounds under the influence of light ; 
on the other hand, compounds containing chlorine may lose it 
in the sunlight. Thus under these conditions the ketone 
(CgHj^NO • HCl)2PtCl4, an ammoniacal derivative of acetoiie, 
becomes (CgH^NO • HC^O^PtCl^; and (CglliTNO • HCDjPtCl^ 
becomes (C^II^NO • HCO^PtCl^ (B. I, 982, 983). Again, chlo- 
rine acetate, Cl • O • CjHs^)* undergoes slow decomposition in 
the light (B. I, 462) ; CsHgClg, a derivative of i>entine, Crll^. 
does the same ; and ethylester, CK) • (^Hs* explodes in sunli<jfht. 
Similarly explo8ive in sunlight is the greenish oil distilled when 
absolute alcohol is poured over dry calcium chloride (B. I, 223). 
Finally, sugar (Duclauk, '86, p. 881) and oxalic acid (Doavnfis 
and Blunt, '79, p. 209) are oxidized and break up into water, 
carbon dioxide, and other compounds. These cases may serve 
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to show the important chemical effects of sunlight in the dis- 
integration of organic compounds. 

3. Substitution Etfects of Light. — The principal substitu- 
tion effect of light is the replaceinent of hydrogeii in an organic 
eompound by either chlorine or bromine. This occnrs so fre- 
quently that examples are superfluous. The substitution takes 
plače most rapidlj and completely in direct sunlight^ and it has 
been shown that the rays at the blue end of the spectrum are 
the most active in this process. The compounds affected 
belong to the most varied groups of both the fatty and aro- 
matic series — carbohydrates, acids, aldehydes, ketones, and 
sulphides. 

4. The Isomerismic and PolTmerismlc Changes produced by 
Light are among the most interesting. I will cite some exam- 
ples. In the first plače, it may be said that the changes in the 
elements phosphorus and sulphur by which they assume their 
red form have been ascribed to sunlight. Elseomargin acid, 
CjjHg^Og, is a eompound found in connection with glycerine 
in the oil of the seeds of Elaeococca (Aleurites) vernica — 
Chinese oil tree — one of the Euphorbiacese. This acid cry8- 
tallizes in rhombic plates which melt at 48°. When an alco- 
holic solution of this acid is placed in a bright light, leaf-like 
crystals of its isomere, elaeostearin acid, which melt at 71°, 
are produced (B. I, 535). Again, thymochinon forms yellow 
crystals, which are soluble in alcohol. Subjected to a strong 
light, opaque, whitish-yellow crystals are produced, which are 
insoluble in alcohol. This substance, which does not arise in 
the dark, and is hence not merely the result of oxidation, is 
called pol}i;hymochinon (B. III, 180). Again, among the 
derivatives of ethylene, CjH^, is chlorethylene, CjHgCl, a gas. 
When placed in the sunlight this passes into a polymere, which 
forms a viscous, amorphous, insoluble mass (B. I, 158). In 
like fashion, bromethylene, CjHgBr, a fluid, is rapidly trans- 
formed in the sunlight into a polymere, wliich is solid, amor- 
phous, and insoluble in water, alcohol, or ether (B. I, 181), and 
bromacetylen, CgHBr, a gas, is gradually transformed, in the 
light, into a solid polymere. Finally, very many substances 
undergo a gradual change of color in the sunlight, but the 
nature of the accompanying molecular change is unknown. 



§2] CHEMICAL ACTION OF LIGHT 165 

5. Changes resembling those brought about hy fermentation 
are produced by light. Thus Niefce de Saint Victor and 
CoRViSART ('59) ha ve found tliat a 0.1% solution of starch, 
expo8ed during 6 to 18 hours to the summer sun, becomes trans- 
formed into sugar, while in the dark no such change occurs. 
The change is favored by a small quantity of uranium nitrate. 
In a similar fashion glycogen is transformed into sugar more 
rapidly in the light than in the dark. On the other hand, 
Green ('94) finds that the ferment \vhich normally transforms 
starch into sugar is destroyed by subjection to a strong light, 
the violet rays being especially active in this process. Like- 
wise, ptyalin, the ferment of šaliva, is destroyed by light. 

To sum up, light afifects organic compounds in very varied 
and important ways. We are, accordingly, prepared to find 
that light exerts a very important influence on the activities 
of protoplasm. Nor is the influence necessarily confined to 
the surface, for most protoplasmic bodies are more or less 
translucent. Thus Sachs ('60) found by looking through 
a tube with one end fitted to the eye and the other directed 
towards the sunlight, that considerable layers of plant tissue, 
for example over 32 mm. of the tissue of the potato tuber, did 
not cut out aH the light, and that red had the greatest pene- 
trating power, violet the least. Even the epidermis of man 
permits light to pass, and Onimus ('95) »asserts that light can 
pass through the hand to such an extent as to afifect during 
26 to 30 minutes an orthochromatic plate kept in a tight wooden 
box perforated only by the opening which is covered by the 
hand. Whether the " Rontgen rays," which have so striking 
a power of penetrating organic mattcrs, are more of the 
nature of light than of other physical agents, is stili a subject 
of debate. Whether they produce any important chemical 
changes in protoplasm has not yet been fuUv determined.* 

• During the 8ix mouths which hsivc elapsed sincc the above wa8 written, 
accountfl of marked phy8iolopical effects of the Rontcjen raj-s have been pub- 
lishod. Thua, esposure of the skin to them for an hour frtMjuently causes Iors 
of hair and finger nails, and producos 8ympt^)m8 reseinblin;; those of Funbuni. 
Axenfeld (Centralbl. f. Phvsiol. X, 147) finds that many insects and a cnista- 
cean, Porcellius, kept in a box only one-half of which i« penetrated by the ravs. 
aggregated in this part. Several experinients upon the tropic infiuences c>f the 
ray8 have resulted negativcly. 
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§ 3. The Effect of Light upon the General Functions 

OF Organisms 

In this section we shall consider in succession (1) the efifect 
of light upon metabolism ; (2) the vital limita of light action 
on protoplasm ; and (3) the effect of light upon the movement 
of protoplasm. 

1. Etfect of Light upon Metabolism (including Assimilation). 
— Metabolism is a eomplex of chemical processes. Since, as 
we have already seen, light has important chemical effects, we 
are not surprised to find that it plays an important role in 
metabolism. The effects of light are, however, of two distinct 
kinds. One is a thermic effect, due to the heat rays of white 
light ; the other is a chemical effect due to the " actinic rays " 
of the spectrum. 

a. The Thermic Effect of Light on Metabolism is shown chiefly 
in the assimilative processes of chlorophyllaceou8 plants. The 
facts of this assimilation are chiefly these : various simple com- 
pounds, water, carbon dioxide, salts of ammonia and nitrates, 
are used as food by plants. For every volume of the gas — 
carbon dioxide — taken in, one volume (nearly) of oxygen is 
excreted. Starch (C^Hj^Og) is the first visible product of the 
water and carbon dioxide taken in. Chlorophyll is essential to 
the absorption of carbon dioxide, to the giving f orth of oxygen, 
and to the formation of starch. Finally, chlorophyll can as- 
sirailate only in the presence of sunlight and at a proper tem- 
perature. 

Now, not aH the rays of sunlight with their varied wave 
lengths are essential to this process. Just what rays are 
the essential ones has been a point of some dispute. The 
earlier studies on the subject, made chiefly by Draper ('44), 
Sachs ('64), and Pfeffer ('71), were unanimous in declaring 
that the most active rays in assimilation were those occupying 
the yellow part of the spectrum at about line B — the region 
of maximum brightness to our eyes (Fig. 42). But these ob- 
servers were at fault in that, while they carefully determined 
the quality of light and the corresponding quantity of assimila- 
tion, none of them gave, in the experiment8 with color screens, 
any adequate data upon the intensity of the diversely colored 
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lights employed ; and Uiis is a fundamental matter, for it has 
been Bhown, for instance by Rbinke ('83 and '84), that, witliin 
certain limits, the rate of assimilation increases with the inten- 
8ity of the light (Fig. 44). Even in experiments with the 
colors of prismatic spectra one must remeniber that the ray3 
are crowded together at the red end, so that a given length of 
the spectrum contains more ray3 ut that end than at the other 
(cf. Fig. 40). 

Later investigations with improved methods have 8hown 
quite conclu8iveiy"that it is especially the rava with X = 0.68 /k 
or those verj close to the absorption band B, which are most 




Fio. 44. — Carve Bhonin); the relailon bcivern lnteDalty of U^ht (abtriMiel and qqaii- 
titjr of oxjgea wt tree b; £U>dea canadeasls. 1 ladtc«I«> Uia aalt ioteoBitj or the 
llgbt trom tbe heUottat. (Fmm Runke, 'SI.) 

active in assimilation. The methods employed have been most 
divcrse, but they have vicided the same result. Timihiazeff 
(*77) studied the assimilative pottcr of the different parts 
of the šolar prismatic apeetrum, determining by giisometric 
methods the quantity of gases decomposed iu a given tirne. 
Reinke ('S4) also used the 8i)ectrum, but bv means of his ' 
spectrophor wa8 able to get more strictlv monochroiimtic light. 
to use more nearly comparable esteiits of the spectrum, and. 
e8pecially, to get a more exactly comparable (in tliis easc. 
optinmm) assimilative intensitv for each puri iif tlie sjHVtrnra 
than his predecessors. (See p. l."»ti.) Aa the mea.-*ure of 
assimilation, Keinkb used the number of gas bubbles set frce 
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ainute by the siilimerr;e(], iUuiuiiiateil plant. Ah is Bliown 
g. 45, the iiiaxiniiim of gas productioii oecurred at about 
absorption liue B — and this 
ia the more marked nf tlie 
absorption bamls of (.-bluro- 

pli.vll. 

A sirailar result waa reached 
by Engelmann and set forth 
in a long series of papera ('81, 
'^■■1, ■82', "83, "SS*, '84, '8G, aud 
>iT), He found tliat certaiu 
bauteria are estremelj' seusi- 
tive to oxygen, moviug in the 
direution of sinall increraeiita 
uf the oxygen densitj-. Now, 
\iy putting a tliread of alga in 
the same water with bacteria 
iiiid subjecting the thread to 
ii "iiiicrospectruin," tliat part 
iii ivliich assimilation is pro- 
L'ceding most rapidly, and in 
vvhich, therefore, oxygen is 
being most rapidly excreted, 
will be indieated by the great- 
est aggregation of bacteria. 
The microspeetrum w<i3 pro- 
duoed by meana of an appa- 
ratus especially designc'<i by 
Engelsiann for hia \vork and 
no\v manufactured by the 
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Fia. 48. — CurvB whose ordinatea 

porlloiinl 10 tlio uumber ot gaa tiulibles 
elimiDated per miniitu b^ leavea lllumi- 
iiaCed bj tlie varlous rafs ubose » 
leDinbs are siven at tbe bottoDj o( tbs 
diagram, and n-hose tiumbor 
tioos pec 9Ei:ond ara given al the top. 
The backgrounil of the Dgure 

posad of the abgarptioa spectt* at the i. . i f^^^ 

oMoropbjlim llvl.g l«ivM, 1,5. lito., ^EISS firm m Jen«. Tlie 
aClbe lefi, Indlcnte tbe numberot leavea 
or Impatiens parvitlora, whlch, 
snperlmposeil. glre (lie rofrespoiidlng 
Hpectriiui nt the riRht of tbese m 
The aliBorptlon nt O Is trom a tem pro- 
tballns, that at Alc Is derired from a 
alc^ohollc sotatloa of c:blonipLyl1 , I 1 
IV Indirale abmirption banda. Bejond 
F tbere Is VBry general nbBorptIon 
e hinhlj' refractlVH rajs. (After 
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appearances seeu under the 
microscope when the speo- 
trum falls npoii the alga in 
the bacterium - \vat«r are 
8hown in Fig. 46. Th« max- 
imum aggregation (hence. 
maxiniiini assimilative activ- 
ity) at the red end occura 
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close to tbe abaorption band of chlorophj-ll. Observatioos 
apon the clilorophjlls of bro\ni, blue-green, and red cells, 
wbicb. as Esgelmasn's microspectro-pliotometer indicated, 
bave a luasimura absorptioa at otber points, sbowed a maxi- 
mum of assimilative activity at tbese otber absorption points. 
In bacterio-purpurin also, in wbich some of tbe most active 
assimilative ray3 are tbose of tbe invisible red at aboiit 
X = 0.85 /i, most oxygen is produced at tbis point. (Exgel- 
MAN-s, '83, p. 709.) 

Finally, by an ingeniously deviaed experiment, Ti>nRiAZEFF 
('90} has settled tbis matter in the most direct and indubitable 
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Fia. 48. — Pleče ot Cladophora witb siramilTig bacUHa In the mlcrospectrum (ga*- 
llght). Tb6 chlorophjll gniltis »hleb flU tha cella very oniforiiil)- are omilled ; 
•od, Instead, the absorptloD band between B and C, and the tol«rably pro- 
nounced band at the vlolet eod b«tweeD E atid F, aie lodicated bj shading. 
(From KnoKUU^is, 'S2.) 

fasbion. He kept a plant for two or three days in tlie durk, 
until tbe starcb in its leaves bad gone; then, in a dark room, a 
prismatic spectrura was tbrown upon tbe leaf and tlie positiou 
of Frauen'Hofeii's lines indicnted on tbe leaf, After from 
tbree to six bours, starch bad formed, under the inHuence of 
tbe light, only in tbe rej;ion of the absorption bands of obliiro- 
pliyll lying between B and D. Tbis vvas detemiined by plung- 
ing the leaf into boiUng alcoliol, thus decolorizing it, and then 
staining in tincture of iodine, which combines esjieciallv witb 
the starch, Tlie deeply dyed places, where starch had been 
formed, reprodnced the absorption spectra of chloropbvll, 

The concurrent testimonv of tbese and other observers wnrk- 
ing upon so diverse material and witb sucb excellent methods 
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justifies the conclusion that it is the rays absorbed by the plant 
pigmenta which enable them to do their work in the decompo- 
sition of carbon dioxide. The eflfective absorbed ray8 are, 
moreover, chiefly those toward8 the red end of the spectrum, 
those having over 525 x 10^ vibrations per second (i.e. below 
the 2> line).* 

In conclusion it may be said that the greater proportion of 
the radiant energy entering the plant tissue is absorbed. Thus 
Mayer ('93) has shown that of dark radiant heat at 100° 
about 80% is absorbed by a leaf through which it passes, and 
this proportion is about the same whether the leaf is thick or 
thin. Of this absorbed heat perhaps less than 10% is absorbed 
by the chlorophylL The rest must be used up in the vital 
processes other than assimilation. 

6. The Chemical Effect of Light on Metabolism must now be 
considered; and of this we must notice at the outset two 
degrees. The greater efifect, which is a fatal one and the better 
known, will be treated of further on. The lesser efifect is less 
striking, yet it must be included in the greater. It 8hows 
itself in a disturbance of metabolism. 

This disturbance of metabolism is evinced in some green 
plants by heightened production of carbon dioxide and the 
formation of chlorophyll ; and it is noteworthy that a similar 
result occurs among Infusoria, according to the observations of 
Fatigati ('79), who finds the violet rays more active than the 
green in this process. Among the Metazoa light produces im- 
portant chemical changes in the retina of the eye, and especially 
in the skin, facilitating the production of pigment. That im- 
portant chemical changes take plače in the illuminated retina 
follows from the experiment of placing the electrodes at oppo- 
site surfaces of the frog\s retina. The galvanometer shows in 
the darkened eye a slight " current of rest " flo\ving from the 
front face to the deeper-lying part, containing the cones. If 
now the retina be suddenly illuminated by blue, green, yellow, 
red, or white light, a current, the result of chemical action, 
appears flowing in the opposite direction ; this continues for 

* other, less important, thermal effects of light on plants are found in the 
formation of chlorophyll and in the quickcning of transpiration, which seem 
chiefly dne to the red and ultra-red rays. 
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some tirne, 8lowly diminishing, however, in intensitj. Certain 
chemical changes in the living retina may, indeed, be studied 
optically. These especiallj concem the visual purple. This 
is a substance lying in the outer ends of the rods of the retina, 
which, under the action of light, becomes bleached, but regains 
its color in the dark (Heoiholtz, Handb., pp. 265-273). 
These facts serve to indicate that light may influence metabo- 
lism even in organisms destitute of ehlorophyll. 

2. Vital Limits of Light Action on Protoplasm. — We have 
seen above (p. 167) that the rate of assimilation diminishes in 
chlorophyllaeeou8 plants with a diminution in the inten8ity of 
the light. At last a point is reached where the inten8ity is so 
lo\v that no further assimilation can occur, and after the con- 
sumption of the stored-up food-stujffs, starvation and death must 
eventually ensue. For non-ehlorophyllaceous organisms, how- 
ever, no sueh lower limit exists. Many, as parasites or eave 
dvvellers, live in complete darkness, even through many genera- 
tions. A lower vital limit to the action of light exists only in 
the čase of chlorophyllaceous plants. 

With the upper vital limiU it is, however, quite dififerent. 
This is found in the most diverse groups. Its occurrence in 
hacteria being of especial hygienic importance, these organisms 
have been made the object of exhaustive studies. Monte- 
GAZZA (see NiCKLBS, '65) was perhaps the first to discover that 
strong light kills bacteria, but Downes and Blunt (78 and 
'79) were the first to study the matter thoroughly. Since their 
tirne, numerous experiments have been made upon bacteria, as 
well as the higher fungi. For literature, see Frankland 
and Ward ('92), and Ward ('93, p. 309). Even the earliest 
observers found that, while cultures of bacteria reared in the 
dark rapidly flourished, they not merely did not thrive when 
subjected to sunlight, but actually became sterilized. That the 
sterilization was complete was sho\vn by the fact that when the 
culture was placed again in the dark, no bacteria developed in 
it. This result is most striking when certain bacteria, say of 
the si)ecies Bacillus anthracis, are mixed with gelatine or agar- 
agar, poured uniformly over a glass plate. If the glass plato 
is then covered by a black paper stencil containing some 
character, e.g. the letter -ff, and exposed to a November sun- 
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light for 6 hoiirs, and if theii the wbole plate is placed in a dark J 
incubator at 20° C. for 48 hours, the bacteria will be founi 
have developed in ali parta of the plate except in tlie £-shi 
atea sterilizeil by the light (Fig. 47). Compare the ea 
resulta of Bvchner (*9i3). That in these cases it ia the light 
and not a high temperature which induces the sterilization in 
the illuminated region ia 3hown by the fact that Buchneb ('92) 
obtained even more striking reaults when parta of the cultura I 
plate were exposed under 50 cm. of water, which euts off the heat. 1 




■ 
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have developed. (From Wabd, '93. 



Not ali ray8 have this bactericidal property. DowNES and 
Blunt ("78) found that onIy the blue ray8 were tbua active, 
for bebind red or yellow glass the bacteria readily developed. 
Waiid ('94) threw a šolar spectrura upon an agar film iu wbich 
bacteria were developing in a dark chamber. He found that 
the bactericidal effect was greatest in the region of the blue- 
violet rays (aliout X = 0.43 ^) and dirainished towards the 
extreme violet and the yellow, where it bad almost disappeared. 
These facta were aseertaincd by incubating the bacteria for 48 
houra after insolation, when certain parts affected by the spec- 
trmn -tvere found to remain cle;ir (Fig. 48). When an electric 
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spectrum (obtaiiied by the use of a quartz prism) wa8 em- 
ployed, a bactericidal e£fect was obtained (provided no glasa 
intervened) in the ultra-violet. That the aetion of the light 
wa8 not in these cases primarilj- uiioii the food-film wa8 shovvn 
by tho fact that a plate of steril« agar, exposed behind a stencil 
plate, and then laid flat on u film of dried unesposed spores, 
perraitted the uniform growth of the apores, in the illuniiiied as 





Fto. IS. — Ptkta ot anthras Bpor«a eiposad for S honn to the boIu apectmin lo 
AuguBt, nnil inciibated ror 48 hoiira Tbe boritontal Dne sbuiri the leoKtb ol 
llie ■pectrum The vertiral liuea are nut FBAUEi<HoriH's lioeB, but Mrve lo 
Bhow tbe llmlts uf tbe pnucipal ngioni o[ (bt> Hjiectruii]. Tbe cloareat are« i> 
tliMt flfhare tewe»l spores bave developed In the Incubatlon — »rlioro, Poo»eqiientI)i. 
Ihe bacterlcldai effect vu greatoat. (Prum Wasd, '91.) 

well as in the unillumined region. AH these observations 8how 
that the hactericidal aetion of light is due to tbe aetion of the 
chemical rajs on the protoplasin. 

Another fact of importance, first discovered by Downes and 
Blunt. is that light has no effeet upon bacteria when they are 
in a vacuura. This abundantly confirmetl observation indicates 
that death onIy 8econdarily results from light. The primary 
cauae of death is an oxidation procesa, — a procesa rendered 
posaible by the mediation of light. As we have seen (p. VV2). 
manj organic compounds undergo oxidation in the higlily 
refracted Ught ray8. Probably there are in bacteria such com- 
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pounds, the rapid oxidation of wliich is incompatible with life. 
In any čase it is clear that the bactericidal effect of light is a 
chemical one. 

Concerning the range of organisms which are thus affected, 
it must be said that chiefly pathogenic species, sueh as the 
bacteria of anthrax, of typhus fever, and of cholera have been 
experimented with and have shovvn themselves most suscep- 
tible. Other bacteria are, however, likewise affected. Among 
the other fungi, Wettstein ('85) found that the conidia of 
Rhodomyces Kochii, a human intestinal parasite, did not de- 
velop in the light. Klein ('85) found the same thing to be 
true for the conidia of Botrytis cinerea, and showed that the 
blue-violet rays were the most eflfective ones. Elving ('90, p. 
105) gained similar results with Aspergillus, although several 
days or weeks of insolation did not kili the fully ripe spores. 
Ward ('93) determined that insolated spores, cultivated on 
agar or gelatine plates, of Oidium lactis (5 cases), Saccharomyces 
pyriforrais (4 cases), and '' a ' Stysanus ' conidial form " found 
as a saprophyte on the screw-pine, Pandanus, (2 cases) became 
injured. These are aH hyaline and colorless except Stysanus, 
which is nearly so. Certain colored spores which Ward experi- 
mented with gave negative results, and Ward concluded that 
this is because the blue end of the spectrum is cut oflf before 
reaching the deeper protoplasm. However this may be, we 
actually find that in many, but not aH, fungi the metabolic 
processes of the spores are disturbed and even death is pro- 
voked by intense light. 

Why the spores should be especially susceptible to the action 
of light is an important inquiry. Ward believes the answer 
to be that the spores contain oily substances, which are espe- 
cially liable to oxidation in light, as we have already seen. 

Finally, we have to consider the experiments which demon- 
strate that a strong sunlight may be injurious even to green 
plants. This result follows clearly from the work of Prings- 
HEIM ('81). When strong sunlight is focussed for a short time 
upon cells of Spirogyra, Nitella, Mesocarpus, or Tradescantia 
stamen hairs in atmospheric air (5 to 15 minutes), they are 
killed. No result occurs, however, when the same light falls 
upon green cells in which the atmosphere has been replaced by 
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Iijdrogen (Fig. 49). That it is here also the oxygen (aad not 

the carbon dioxide) of the air wliicb is the destructive ageat 

ia siiown by subjecting the plauts to air freed of carbon dioxide, 

wlien they are kUled by light as before. 

The most important results following from the eonclusions 

of this sub-section are : a minimum vital limit ot light action 

exists only in the čase of 

those organisms (chloro- 

phyllaceou3 plants) wliich 

depend upon light for as- 

similation ; a maximum 

limit is found among the 

most diverse organi sms, 

those with clilorophyll 

and those without. The 

ray8 which have the more 

rapid vibrations are the 

more active. They pro- 

duce Chemical changcs to 

which death is primarily 

due. 

Jffect of Llghtjipon ^^^ ^^ -necotasproutof Vit,lIam«c™paU 
R-hlch vas aubj«cted In a gaa chatnber to a 
green llgbt Id three lucceuiTe eiperim^nla 
A, B C In experiiDent A the luRolaiion 
lastni 2 to 3 uiiuules the gta cbamber be- 
ioK filled n-lth atmosphetic air In piperl- 
ment B tlie iiisolatloD lasl«d 20 minutes tu 
the preience o( h> Iragen In ex|>erimeiit C 
Ibe 111^ lation iHfUTred again in tbe pre««Dce 
o( atniospherlc air and lasted 6 to G niinutaa. 
(From Prinosubim, HI.) 




the Hovement of Proto- 

plasm. — Under this head 

we shall consider only 

those protoplasmic move- 

nients which may not be 

grouped undcr Loeorao- 

tion, and shall discuss 

three classes of cases : 

(a) effect of low intensity of light upon movement ; (A) effeet 

of Iiigh intensity of light upon movement ; and (c) effect of 

change of intensity on contraction. 

a. Effect of Lom Inten»\ty of Light on Movement — Dark-rigor. 
— \Ve liave already seen that chlorophyllaceou3 plants raust 
eventiially die if kept in the dark. Some tirne before death 
occurs the plants go into a condition of immobility, which may 
be called dark-rigor, since return of light brtnga a return of 
movements. Dark-rigor is very marked in the senaitive plant. 
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If this plant is kept for several days in darkness, the usual 
response to touch does not occur. From some observations of 
Bert ('70, p. 338), it appears that it is the absence of the 
blue-violet and orange-red rays which brings about this dark- 
rigor ; for it occurs nearly as rapidlv in green light as in the 
dark. In these cases the absence of movement in the dark 
might seem to be the result of diminished assimilation. 

But dark-rigor occurs under conditions which destroy the 
general validity of this conclusion ; for example, in the reddish- 
purple bacteria * whose reactions ha ve been studied chiefly by 
Engelmann ('83 and '88). It appears that in these organisms 
light is essential to movement ; for, after having been kept 
over night in the dark, they are found in the morning at first 
motionless ; only later, after 6 to 10 minutes of illumination, 
do they awaken to activity. If now, after keeping for a tirne 
in the light, the organisms are brought again into the dark, 
their movements gradually diminish until, in a few hours, they 
have ceased. We have seen above (p. 61) that oxygen is nec- 
essary to movement, and we know that many plants excrete 
oxygen in the light. We might expect that the quiescence of 
these organisms in the dark is a consequence of their failure to 
produce the oxygen necessary to locomotion, and indeed they 
do produce in the light a slight quantity of oxygen, by virtue 
of their chromophyll (bacterio-purpurin, Lankester). But 
that it is not merely oxygen which induces movement is shown 
by the f act that when an abundant oxygen supply is artificially 
furnished, no movement occurs in the dark. Thus light, in the 
presence of oxygen, is essential to movement ; it seems to be 
necessary to the irritable condition upon which locomotion 
depends. This irritable state of the protoplasm conditioned 
upon a certain intensity of light Engelmann cb11q phototonu8.f 

The analysis of this matter has been carried f urther. It has 
been found that a perceptible time (latent period) elapses 

• 

* This term includes bacteria known as Bacterium photometricum, Bacterium 
roseopersicinum, rubescens, etc., Monas okeni, Spirillum violaceum, and by other 
names. 

t The term wa8 applied to this phenomenon by Engelmann on account of its 
resemblance to that already described for the higher plants, and to wbicb Sachs 
bad previously given this name. 
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bettveen tbe illumination of the organism and tlie t 
of movement. AIso, the ulii-a-red rajs protluce most rapid 
locomotion. next the orange-vellon'. and %veakest the violet-bliie 
and violet-red. Spectrum analvsis 8bows tbat the most active 
rays are the ones absorbed bj- the cbromophvU (Fig, 50). 

This phenomenon of pbototonus is not confined to the purple 
bacteria. Thus, Famixtzin- ('(>7. pp. 2&-31) bas sbovn tbat 
tbe movements of tbe closely related Oscillaria are dimln- 
Ubed in tbe dark. Sokokin (78) found tbat protoplasmlc 
streaming in the plasmodium of Uictydii)m ceases at night, 
being avvakened to movement by the light. FiDally, Veb- 



Fio. SO. — a. Spectrum of Ibe ehroiiKq)hjll of bacUrio-parparlD. iboirlnfE sbaorptlon 
bands at A >= 0J9. and a = 0Jl3|i. Aa linvisible) ■baorpiion tand hu been deier- 
mlncd hj metaa of ibe bolomrter ■! > ~ 0-8r>H. b. The bactrria are aren a^gn«- 
galcd chiefly in thr repon-'' of Ihe absorplion bandi. The acrnmoUlkm of baoicria 
in tlieae TCKintu of absorbed *Dttfy aeeiaa doe to tbe fact thal Ibe morinjE barteria 
cannot paas from a ngioa of higb vnersT to one of low wiiboDt a Tioleni itimnlna 
vbicb impela tbem back again. (From Ekoeliuji!!, '83*.) 



WORN ("89. Nachschrift. and '95, p. 393) finds tbat, in the 
dark. tbe ciliate Plenronema chrvsalis rests quietlY in tbe 
vater, only occasionallv making its pecuiiar spring. But 
wben diffuse darlight is focussed upon it, for in^itance by tbe 
mirror of a microscope. it sjirings rapidly by the movement of 
its long cilia ; and tbis movement Ls often rei>ealed. so long as 
light continues to fall. The movement is proilnoed by blue i>r 
violet ravs ; red ravs bave little or no effect, A latent period 
of from 1 to 3 seconds elajises before tbe response ocours, 

These cases serve to sbon- that li?ht. in tbe presence of other 
guitable condition», is. l>otb for some cbloropbvUaceous organ- 
isms and plant tissues and for some organisms destitute of 



178 LIGHT AND PROTOPLASM [Ch.VII 

chlorophyll, nearly or quite essential t<3 raovement. Phototo- 
nus is a convenient name for the condition induced by light. 

6. Effect of High Intensiti/ of Light on Movement — Light- 
rigor. — We have just seen that in some organisms the most 
vigorous movements occur at an optimum intensity of light, 
which produees phototonus. At a lower intensity there is no 
movement. It appears, furthermore, that there is for many or- 
ganisms a maximum intensity of light, below that which produees 
death (ultramaximum), which. causes a cessation of movement 
that may be called light-rigor. This condition is distinguished 
from that of death by the fact that diminished light brings 
return of activity. Engelmann ('82, p. 109) observed this 
condition in his Bacterium photometricum, and remarks that 
it is common to aH bacteria. Similar light-rigor has been 
observed in green plants also. Pringsheim ('81, p. 516) 
found that when, in the presence of oxygen, strong sunlight 
was let fall upon Nitella, the movements ceased after 1^ 
miniites. If the insolation was now interrupted, normal move- 
ments were resumed. 

Summing up the effects of varied intensities of. light, it 
appears that for many organisms there is an optimum, which 
produees a condition of phototonus, in which the organism 
mo ves" and responds regularly to stimuli. As the light inten- 
sity falls below, or rises above this optimum, the activity of 
movement diminishes, ceasing at certain points in the condi- 
tions of dark-rigor and light-rigor. Beyond each of these 
points, again, is the point of death. 

C. Contraction produced hy Change in Intensitg of Illumina- 
tion. — We here consider a number of cases not closely related 
except in this, that quick movements are produced after stimu- 
lation by change in the intensity of the light. The cases are 
found both among Protista and Metazoa. 

Among the sulphur-bacteria Engelmann ('88, p. 665 ; 88*) 
has noticed that a sudden diminution in the intensity of the 
light, produced by shading the mirror of the microscope, is 
followed by a spring backward8, often to the distance of 10 
to 20 times the organism's length. This reaction Engel- 
mann has called " Schreckbewegung." When the light is sud- 
denly increased, a forward movement takes plače, but this is 
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less marked. Among the Myxomycetes, Engelmann ('79) 
has found that the amoeboid Pelomyxa, when suddenly sub- 
jected to a strong light, contracts into a spherical mass. 
Sudden darkening or gradual illumination produces no such 
contraction. Among swarm-spore8, Strasburger ('78, pp. 675, 
576) has noticed that a sudden diminution of the light puts 
the quiet Hsematococcus spores agaiu in motion, and makes the 
Botrydium spores start as though disturbed. Such violent 
movements of the protoplasm indicate that a very considerable 
chemical change has taken plače in it. 

Passing, next, to the Metazoa, we find that certain smooth 
muscle fibres are made to contract by the direct action of light ; 
thus, Steinach ('92) has offered most convincing evidence 
that the contraction of the iris, in the lower vertebrates at 
least, may occur as a direct reaction to illumination, even when 
the eyeball is cut out, and the iris, indeed, separated from 
connection with the ciliary part of the eye. 

Some of the higher animals react strikingly like Engel- 
mann'8 bacteria. Thus, Loeb ('93, p. 103) found that Serpula 
uncinata retracts into its tube when the hand is passed between 
it and the light; but sudden increase of illumination has no 
effect. Nagel ('96, p. 76) finds the same thing in Spirographis, 
and Andrews ('91, pp. 285, 296) has observed the same phe- 
nomenon in the eyeless Hydroides dianthus. In these cases 
the branchiie seem to be the sensitive organs. Adult barnacles 
8how a similar sensitiveness to light; for Pouchet (72, p. 111) 
found that momentary cutting off of the light, as by the shado\v 
of the hand, caused arrest, for several seconds, of the rhvthniic 
movements of protrusion of the appendages from the shell. In 
this čase, the sensitive region has not been located. Some 
lamellibranchs (Nagel, '96, p. 50) react similarlv to increased 
light. These are examples of a phenomenon which we shall 
meet with again in considering gro\vth. They serve to show 
that there is a wide-spread irritability of protoplasm to changes 
in intensity of light. 

Let us now review the conclusions of this section. Light — 
especially the thermic ravs — is essential to the decomposi- 
tion of carbon dioxide by chlorophvllaceous plaiits. The onlv 
effective rays are those absorbed by the chlorophyll. The rate 
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• 
of assimilation is increased by increased intensitjr of light. The 

chemical rays act to increase metabolic changes, and the output 

of carbon dioxide. As these rays become more intense, the 

metabolic changes go on with abnormal rapidity, until, finally, 

death ensues; thus, intense light is fatal to many, perhaps to 

ali, organisms. Absence of light, however, is injurious only as 

preventing assimilation in chlorophyllaceous organisms; but 

these supply the food for other organisms, so that continued 

darkness in any environment must likewise be eventually fatal 

to aH life. Ali organisms, before succumbing to darkness or 

to light, enter into a condition of rigor, from which they may 

return to activity if favorable conditions are restored. Sudden 

change of intensity often produces violent protoplasmic changes, 

a\vakening quiescent organisms to activity, or causing, in the 

higher organisms, violent contractions. 

Ali of these effects of light, whether produced by the thermic 

or chemic rays, probably give rise to great chemical changes 

by which disturbances of metabolism, and eventually death, 

may be produced. Not ali organisms find light immediately 

necessary to their existence; but very powerful light, long 

continued, proves fatal to most protoplasm. 



§ 4. CONTROL OP THE DiRECTION OP LOCOMOTION BY 
LlGHT — PhOTOTAXIS AND PhOTOPATHY * 

In this section we shall (1) distinguish between false and 
true phototaxis ; (2) consider the observed cases of phototaxis 
among Protista, the parts of higher organisms, and the Metazoa 
as entire organisms ; and (3) discuss the general laws of photo- 
taxis and photopathy. 

* In this section we shall deal with two sets of phenomena which very Ilkely 
are different, bat which, in our ignorance, we cannot always distinguish. The 
first includes that active migration of organisms whose direction is determined 
by that of the rays of light. This is phototaxis. The second includes the 
wandering of organisms into a more or less intensely illuminated region, the 
direction of locomotion being determined by a difference in intensity of illumina- 
tion of the two poles of the organism. This is photopathy. According as the 
migration is towards or from the source of light, we can distinguish positive ( + ) 
and negative ( — ) phototazis. According as the migration is towards or from 
the more intensely illuminated area, we can distinguish positive ( + ) and negative 
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1. False and Trne Phototaxis. — It must certainlj be a very 
old observation that when small organisms are placed in a 
vessel in front of a window, thev are soon foiind arranged with 
reference to the window ; some Iving on the nearer side, some 
on the further side, and otbers swimming indifferentlv back 
and forth through the vessel. The conclusion is near at hand 
that this arrangement of the organisms is determined by the 
light. This conclusion is, ho\vever, not necessarily correct. 
Thns, Sachs ('76) showed that, under certain conditions, 
wholly passive substances — oil drops, in a mixture of water 
and alcohol — might exhibit a similar aggregation towards the 
window or away from it. These conditions are that the vessel 
should be cooler next the window. Then, on tlie cooler side, 
there will be a descending current ; on the warmer side, an 
ascending current ; on the surface, a current towards the win- 




a 

Fio. M. — Vertical section through a dish shoirin;; distribution in water of passiTely 
suspended bodies, as a result of difference of temperature at the two sides of the 
vessel. A t irarmer side ; i?, cooler side. Arn)ws sbow the direction of movement 
of currents in the water. The objects lighter than water are grouped at & ; tbose 
heaTier than water, at a, 

dow ; and on the bottom, a current from the window. If 
the passive bodies are such as float, they will thus be carried 
towards the window, and will exhibit a false phototaxis (in 
the positive sense); if, on the contrary, thev tend to sink, thev 
will be carried from the window, and show false negative pho- 
totaxis. Now this appearance, due to passive transportation 
by currents, may like\vise, under the given conditions, be 
exhibited bv organismB — but the phenomenon is not due to 
light (Fig. 51). 

There is at least one other kind of j)seudophototaxis. This 

( — ) photopathy ; and correspondingly we can in this second čase speak of the 
organisms themselves as photophil or photophob. In this nomenclature I follo\v 
Graber. STRASBrRGER used photometry for what I hcre call photnpathy, but 
Oltmanns ('92, p. 206) has emplojed photometry to indicate the capacitv of 
organisms to perceive different degrees of intensity of light. So, perhaps, the 
tenninology here employed may lead to the least confusion. 
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may occur when there are in the vessel chlorophyllaceous 
organisms producing oxygen in the sunlight. The oxygen, 
more abundantly formed on the sunny side of the vessel, becomes, 
then, a means of attraction to other (chemotactic) organisms, 
whose position seems thus to be determined directly by relative 
brightness. 

A good example of this kind of p8eudophototaxis is described by Engel- 
MANX ('81»). He found that the Schizomjcetes in a certain drop of water, 
partially illuminated, were aggregated toward the illuminated side. £xami- 
natioD revealed the presence of a chlorophyllaceous 8chizoraycete — Bacte- 
rium chlorinum — in the drop, and the apparent phototactic appearances were 
easily accounted for as follows : Under the influence of light the Bacterium 
chlorinum secreted oxygen, and this acted chemotactically to attract the 
bacteria, which thus moved, at the same time, towards the illuminated 
area. That it was the oxygen produced in the sunlight rather than the 
light itself which attracted, was evinced by the fact that, when the 8upply 
of oxygeu is abundant in ali parts of the drop, or if the Bacterium chlorinum 
is removed, no aggregation takes plače at the bright point. 

2. Distribution of Phototazis and Photopath7. — a. Protista. 
— We now eome to the consideration of the eases of true pho- 
totaxis and photopathy, and shall first diseuss the distribution 
of the phenomenon in the different groups of Protista. Of the 
Protista we may take up first the chlorophyllaceous forms. 

Flagellata and Stvarm-Spores. — In no other group does 
phototaxis show itself more clearly than in this. The earliest 
studies were made here, but despite the ease of gaining results 
they were mostly fragmentary and uncritical. A simple ex- 
periment of Nageli ('60) had, indeed, showed conclusively 
that swarm-spores are responsive to light. A glass tube three 
feet long and held vertically was fiUed with alga-water. When 
the upper end of the tube was enveloped by black paper the 
organisms moved to the lower end, and conversely. A diffi- 
culty was encountered, however, in the fact that when zoospores 
were placed in a plate by a window, the organisms gathered 
at the edge next the window, which, since the edge of the plate 
threw a shadow there, was the darkest part of the surface. In 
consequence some authors had concluded that 8warm-8pores 
shun the light ; whereas Cohn asserted, aH too briefly, that 
they move in the direetion of the rays and toward the source 
of light. Finally, Famlntzin ('67) had diseovered that 8warm- 
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spores which moved towards a light of a certain intensitv wouId 
move from light of a certain greater intensitv. That was the 
condition of knowledge on this subject when Strasburgeb^s 
(^78) epoch-making paper appeared. 

Stu^vseurger worked with swarm-spores of various species 
of algse, and with the flagellate Chilomonas and Euglena. He 
observed again the phenomenon that the sense (+ or — ) of 
response depends upon the intensitv of the light. He also 
8howed that the rate of movement is quicker in stronger light 
on account of the faet that the path taken by the organism is 
straighter ; and (p. 586) that phototaxis is the result of the 
organism putting its long axis in the axis of the infalling ravs. 
Stbasburger found also that« in generaU the smaller species 
of 8warm-spores and the smaller individuals are more respon- 
sive than the larger ones. 

Later studies have estended our knowledge of the distri- 
bution of phototaxis in this group. Swarm-spores have been 
studied by Stahl C78, '80)'; Euglena, by Engelmann ('82\ 
p. 396) ; and VoIvok, by Cienkowski ('56), Verworn 
('89, p. 45), and Oltmanks ('92). Especially interesting 
is the fact that colorless swarm-spores, like those of Chytri- 
dium, which are parasitic upon chlorophyllaceous forms, respond 
like the green organisms. (Strasbubger, '78, p. 568.) 

De$mids^ especially Closterium, have been experimented with 
by Stahl ('78 and '79), Klebs ('85), and Aderhold ('88). 
AH are markedly phototactic in moderate, diffuse daylight. 
This phototaxis is the more striking since the method of loco- 
motion of these forms is peculiar. The crescentic Closterium 
moniliferum, for example, stands inclined and glides along, one 
extremity touching the substratum, the free extremity in ad- 
vance. The gliding seems to result from the secretion of a 
stream of mucus along the substratum. Xow Stahl believeil 
that the angle of inclination of the Closterium is dependent 
upon the direction of the infalling rays of licrht. being parallel 
thereto. This relation has been denied bv Kleiis, but Ai>er- 
HOLD, by varying the direction of the infalling rays, has shown 
that the azimuthal position is determined by light. Under 
certain conditions Closterium moniliferum moves bv a sort of 
head-over-heels motion, since the free end bends down to the 
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substratom and becomes attached, and tlie former attached end 
becomes free. Stahl explains tliis on the ground that the 
ends of Closterium periodicallj exchange their tendency to 
point towards the light. The appearances just deseribed are 
found in diffuse daylight. In stronger light the azimuthal 
position is 90° from the infalling light. If direct sunlight 
falls upon desmids, they move from the light (negative pho- 
totaxis). 

Diatoms have been studied by Stahl ('80) and Verworn 
('89, p. 47). Locomotion is effeeted inthese organisms as in 
desmids by the secretion of mucous threads. The movement 
toward8 diffuse daylight (Navieula, Stauroneis) takes plače 
slowly, but it often affects nearly aH the individuals. The 
long axis does not seem to be clearly oriented in the direetion 
of the infalling rays, which may be partly accounted for by 
the normal zigzag method of locomotion. Under strong sun- 
light diatoms appear negatively phototactic. Occasionally a 
culture will be found whose individuals are separated into two 
groups — one next the positive side, the other next the nega- 
tive side of the vessel. 

Oscillaria, — Ver W0RX ('89, p. 50) has made experiments 
on the reaction of these organisms, whose method of locomotion 
is probably similar to that of desmids. Tliey are markedly 
positively phototactic from half darkness to direct sunlight ; 
only in intense sunlight do they fail to accumulate at the posi- 
tive end of the vessel. The aggregation at the positive pole 
takes plače by the threads assuming a direetion parallel to the 
rays of light and creeping forward thus, side by side. Ver- 
woiiN States that after aH have attained the -f edge, rotation 
of the slide or vessel through 180° does not cause a prompt 
transfer of ali individuals towards the light side — at least 
during the tirne of his observation only a few liad crawled 
towards the light in its new position. According to WiNO- 
GRADSKV ('87), Beggiatoa is generally negatively phototactic. 

MyxomyceteB. — In its amoeboid form and when subjected to 
strong sunlight -^thalium septicum retreats into the substratum, 
but while in the dark it comes to the surface (Hofmeister, '67, 
p. 625 ; Strasburger, 78, p. 620). Also, when the plasmo- 
dium is partially illuminated, the protoplasm tends to flow from 
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tbe illuminateJ region. (Bakanetzki, '7( 
"84. p. 167.) 



, p. 328, and Stahl, 



i plate was placed ii 
The jilati- w:is c 




Baka.vetzki proceeded ufollow8; a. gli 
that ita Burfsoe waa 2 or 3 mm. bolow the 
filter paper nhicit extended 
over tlie rim and here dipped 
into »vnter, by which iiieaiis 
it wafl kept moiat. Over the 
aaucer was laid nii opitque 
cover. blockened belciw aiid 
provided with a narrow »lit. 
The plasmodium W3s placed 
on the filter paper and diffuse 
daylight wa8 ttirown upon the 
slit by meaiiB of a plane mir- 
rnr. In less than half aii hour 
the illumiuated thrends of the 
plaamodium had become very 
thin, ovriiig to the retreat of the 
protoplasm froni under the slit 
to the darker region (Fig. .'J2). 

Rhizopoda. — .\ 1 1 liou gl i , 
as \ve have seen, Pelo- 
rayxa is irritated by a 
sudilen Uluminatioii, a 
phototactic or photo- 
pathic response has not 
hitlierto been certainlj 
observed in this group. Vebwobx ('89, pp, 40. 41). iudeed, 
esperimented, but with negative results. upon Amoeba liraax, 
Ama>ba princeps, Actinospbierium. and Actinophr)^. Only 
in FoIystomelIa crispa did be notice a slow wandering 
toward8 the source of ligbt ; but he wa8 uncertain whetber 
this was diio to light. 

VKB«-OR!i'9 method laa not well devised, howerer, for bringing out 
phototactic responso. The Prolista were placed on the slide. and, nfter cut- 
ting out heat raj-s by means of a plate of ice, were suhjecUd to Ibe light or 
to the Ekgelmahk microspeotrum, and illuuinated at different inteiisities 
eitlier over the whole body or over only a part. Ali disturbing infliiancc». 
he HayK, were aa far aH poBsible eliminat«d : grarity, by an exacl horiioutal 
position of the microscope on a table witii Ihree screv-feeti the aclion of 
the cdge of the drop, by luing a very broad drop; and, fiiiallv. ikt lalerallif 



Fld. 62. — Plusmrtliiim ot .Eihnliiim s^|.itcuia, 
aftpr having bpea kept In the dark tur a>iiiie 
Ume aud theu llluminaleij, for hali nu hour. 
over a crons-sbaped aroa, oiiIy. The llJuml- 
nated area is on the npper |inrt of tlie HKurc. 
The prnloplasm Ima rciracted (roin it, leming 
a [nkrtlall7 clear r^^cloa in the form of a ituu. 

(Frooi BABANBtlKl, 7S.J 
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impinging rays of light, hy means of a hlačk cardhoard hox placed over the sluie. 
Thus it is clear that ali of his light fell upon the organ ism in perpendicular 
rays f rom below. This method of experimentation would clearly not 8how 
whether Amoeba is phototactic or not. 

• 

I have experimented with Amoeba proteus, using methods 
resembling Verworn's, and likewi8e dissimilar ones, and have 
reached iiew results. In the first plače, I have proceeded some- 
what after the fashion of Verworn to determine whether the 
amceba in a field illuminated from below, and separated by a 
sharp line into a light and dark half, showed any change of 
movement in passing from dark to light or from light to dark ; 
also, whether an amoeba moving in a uniformlj illuminated 
field changed its direetion when half of its body wa8 dark- 
ened. Nearly aH sueh experiments were negative. No e£Eect 
resulting from the change from light to dark or the reverse 
could be detected. Thus far my results agreed with Ver- 
worn's. 

In a second set of experiments, I proceeded differentlj. 
Usually one amoeba was isolated by means of a capillary tube. 
It wa8 then introduced, with a drop of clear water, between 
two slips of glass, each about 26 by 50 mm., which were kept 
2 mm. apart, and at the same time cemented together, by glass 
strips of equal thickness placed near the ends. By this means a 
broad field for movement with uniformity of conditions of con- 
tact was ensured. The whole space between the two glass plates 
being no\v fiUed with clear water, the entire apparatus was sub- 
merged in a vessel which contained water about 2 cm. deep, 
and which was slightly smaller than the stage of the micro- 
scope. Finally, the entire stage, but not the substage optical 
apparatus, was kept in the dark by means of a cone made of 
several thicknesses of dense black cloth fastened by a slip-noose 
to the objective, and folded below the stage so as completely to 
exclude ali extraneous lateral light. Light from the mirror 
was cut ofif by an interposed card. Through a slit in the cloth 
on the side next the window, — a west window, — a beam of 
direct sunlight, or of reflected light from the morning sky, was 
admitted to the amoeba. The plates of glass being as nearly as 
possible horizontal and occasionally rotated, the directive action 
of gravity was eliminated. Since, so far as could be seen with 
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the microscope, no local sources of food or oxygen occurred in 
the water between the plates of glass, chemotactic influences 
were uniformly distributed. From the conditions of the ex- 
periment already described, a differenee in temperature or of 
illumination at the two poles of the amoeba is seareely conceiv- 
able. The rays of radiant energy were the only direeting agent. 
Under these conditions the amoeba nearly uniformly showed 
itself negatively phototactic to light of an intensity varying 
from strong diflEuse light to direct sunlight. The absence of 
uniformity is to be ascribed to the accidental presence of some 
disturbing agent. The movements made by the amoeba were 
represented graphically by making at intervals a camera drawing 
of its outline. Two sueh graphic representations are repro- 
duced in Figs. 53 and 54. It must be said that it is difficult to 
get so extended a series of changes in light as is shown in Fig. 
54, for the phenomenon of acclimatization comes in and the 
responses become irregular. But, despite sueh irregularities, 
my studies lead me imhesitatingly to conclude that Amoeba, 
although not at aH photopathic, is strongly phototactic. This 
result is important, for, since Amoeba is responsive to light, it 
may very well be that sueh responsiveness is a general property 
of protoplasm. 

Ciliata. — A double action of light must be here taken into 
account. Engelmann ('82*, pp. 391-395) states that those 
Ciliata which contain chlorophyll (algae) — e.g. Paramecium 
bursaria, Stentor viridis, Bursaria — move towards the light, 
but only when the oxygen tension in the water is low. Also 
when the water drop is illuminated by a microspectrum, instead 
of white light the organisms aggregate towards the red end. 
Here are the rays by which most oxygen is produced from the 
chlorophyll, since assimilation takes plače fastest here. When 
the organisms are placed in excessively oxidized water they 
move from the light. The conclusions to which Engelmann 
arrived from these and other facts were that these species have 
a very delicate sensitiveness to variations in oxygen tension, and 
that it is through this sensitiveness that light influences move- 
ment. Accordingly, it would seem that the apparent photo- 
taxis is truly a čase of chemotaxis ; but this conclusion requires 
better evidence. 
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j Fio. 53.— Camera drawing, fihowing 

Interval j the successive positioDB assumed 

ootobaerved / i,y an amoeba subjected to light 

10:55 I f alling upon it f rom one side. The 

/ arrow lies in a horizontal projec- 

/ tion of the 8un'8 rays. Theamceba 

' retreats from the source of light. 

' The numbers to the right of the 

/ outlines of the amoeba give the 

/ observed times between 10:28 and 

IQ.^^ / 11:22 A.M. Magnified 16 diameters. 

/ Fio. 54. — Camera drawing, Bhowing 

/ the successive positions assumed 

/ by an amoeba retreating from the 

/ light. The position of the infalling 

I ray was successively changed from 

,3:06J^ (1) tO (2), (3), and (4). The arrow 

labelled " First direction of migra- 

tion " show8 the direction of loco- 

motion of the amoeba before the 

light fell upon it at the beginning of 

Firet direction the experiment. The numbers indi- 

of migration cate hours and minutes. During the 

interval from 13:06 (=1:06) p.m. to 

12:48 to 14:00 13:57^ the amoeba was not under di- 

rect observation, since I was called 
^ M away. Magnified 16 diameters. 

Cases that can be explained only on the ground of the imme- 
diate efifect of light upon the direction of movement are cer- 
tainly rare. Entz ('88), indeed, has intimated that Opalina 
flees from light, but Verwork ('89, pp. 63-57) was not able 
to confirm him in this point. Verworn's method was here, 
as in the čase of Amoeba, not satisfaetory. Instead of having 
the light fall from one side only upon the drop containing the 
Opalinas, he let the light pass vertically from below through a 
small hole, and could observe no tendency to avoid the illu- 
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minated spot. The light in this čase elearly did not act f rom 
one side, and the test of phototaxis can therefore hardly be said 
to have been eritieally made. Likevvise, even with unilateral 
illiunination, Verworn Avas unable to gain a phototactic re- 
sponse with Stentor roeselii, St. eceruleus, Carchesium poljpi- 
num, and Uroleptus museulus. On the other hand, we liave 
often noticed here in Cambridge that our Stentor cicruleus is 
(rather indefinitelv) negatively phototactic to diffuse daylight. 
Thus, an individual swimming free in a bit of glass tubing 
pointing horizontally towards the window only very slo\vly 
wander8 away from the light. In conclusion, then, we must 
admit that Ciliata are not niarkedly phototactic, but more 
refined methods must be used before we can say of any of 
them that they exhibit no trace of this response. 

Let ns summarize briefly the results obtained from Protista. 
Phototaxis is most marked among actively motile, clilorophvl- 
laceous forms. Many colorless forms are, ho\vever, also photo- 
tactic — Beggiatoa, Amtrba, phismodia of Myxomycetes, and 
swarm-spores of Chytridium. The phenomenon is thus wide- 
spread, if it is not universal. 

6. Celh and Cell-organs, — Under this head will be consid- 
ered, (a) the rearrangement of chlorophyll corpuscles, ()8) 
the rearrangement of pigment in animal cells, and (7) the 
migration of pigment cells in the metazoan body. 

a. That the chlorophyll bodies of the higher plants change 
their position in the celi according to the intensity of the light 
to which they are subjected has been made known ehieflv 
through the labors of Famintzin ('67), Bokodin (*G1)), 
Frank (72), Stahl ('80), and Moore ('87). If one fastens 
a strip of black paper upon a leaf on which the sun's ravs are 
falling, one will find, upon removing the paper after a time, 
that the darkened part is dark green whilst the brightlv illu- 
minated part is considerably lighter, so that an image of the 
form of the dark paper is produced upon the leaf. This image 
is, however, only temporary. A few hours after the removal 
of the paper the leaf is of a uniform green again. Sections 
through a leaf thus affected show that in the dark green 
(shaded) part of the leaf the chlorophyll lies on those walls 
of the cells which are perpendicular to the incoming ravs. 
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whilst in the light green (illuminated) part of the leaf the 
chlorophyll lies upon the walls parallel to the i*ays. When 

the grains are upon the 
superficial face of the 
cells they are said to be 
in epistrophe; when they 
have turned away from 
this face they are in apos- 
trophe. This apostrophic 
position is found under 
two opposite conditions 
of illumination : under 
intense light, as we have 
j ust seen (positive apos- 
trophe, Moorb), and upon 
prolonged standing in the 
dark (negative apostro- 
phe). (Fig. 66.) 

It appears, then, that 
epistrophe occues only 
within certain limits of 
light intensity. The in- 
tensities included between 
these limits constitute 
what MooRE calls the 
epistrophic interval. The 
epistrophic interval varies 
in position and in extent 
in different species.* It has been found that in the čase of 
plants which normally live in the bright sun the epistrophic 




Fio. 55. — Cross-section through the leal of 
Lemna trisulca. A. Position of the chlo- 
rophyU grains in diffuse daylight — epis-. 
trophe. B. Position of the chlorophyll 
grains in intense light — positive apos- 
trophe. C. Position of the chlorophyU 
grains in darkness — negative apostrophe. 
(After Stahl.) 



* The limits were detennined by Moore, in a roughly quantitatiye way, by 
mcans of his photrum, constructed as follows. A room with a single window 
illuminated by the sun was chosen and 12 feet spaced ofiE from the window back 
into the darkness. The inten8ity of the light diminished of course as one re- 
treatcd from the window. Plants of various species were allowed to stand, 
simultaneously, at varying distances from the window, and the distance back at 
which epistrophe began to appear, and, finally, at which negative apostrophe 
came in, were noted. Then a diagram jV the actual scale was made (Fig. 56), 
8howing the position of the points of beginning and ending of epistrophe (so- 
called positive and negative critical poiuts). 
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interval is a region of relatively high intensity (Fig. 56, 6) ; 
in aquatic plants the epistrophic interval oecurs in a region 
of low inten8ity (Fig. 56, 1 and 2) ; and in shade-loving 
aerophytes in an intermediate position (Fig. 56, 4 and 5). 
One may say that every species is attuned to a eertaiu intensity 
and range of light, in wliich epistrophe oecurs, j ust as in 
swarm-spores there is a certain intensity and range of light in 
which positive phototaxis oecurs, and that attunement depends 
upon the conditions to which the organism has adjusted itself 
through living in them. 



1 

2. 

aj 



,. illm I, .'■■,. . Tif^';-i . ..-iii;«- ..■;■ • ' nitnttti •rluttitiiitht, . ; ; . ..titi: 

!.'i'fi}.:.! ••>: ■■.,.".•.■ •■;.'." .■.■;i' ..!.'■ ..■'■...'".!.i."uiMiiimMii;.'."'.../."n 

iMffffili.. : 1 1 n t , .1 M4I . . t' n . I u;i' i'..- ..!■ . i ■ tiit.i .iiillititllllitni r f ■ i ..J'm 

^{{•■•..••'\. •.:"<{!. rAivi'::}!'-'-- <!' .:.'.'.' .. .'.'((oiiti!:.'!.'";;."-;:-.'!'--; 

'»f;//'''';.'.".V/f/'v7<«V.'''-i,//r ,'.•'■' ■,,r'-\. .'■',;: ■.,;.■'•':, .i;."V..ii''-. ...•■■ ■.' 



4. 
6. 



6. 



■ ; 1 1 ■ I . . : 1 ■ 1 



UM I MM MM HM <i M > M ii n »»S^^ i t u « i H i' i > n «t««|>* < V ** ^V **'* . * ).H " H M i * i m « V," 



■ f . ■ .' / ■ 1 ( . ■ ' 






f^;^:-:-^-"' 



■■■v;;;,..: 



^^^i^^mUm^ 



It iiui ■ iTi, - 



lil.'.!.. M- 

liM ■ nun I ■.'••. . ;•■- 



Fio. 56. — A diagram of Moorb's photrum, showing for six spaces the epistrophic 
interval (shaded region). 1. Anacliaris (Elodea) canadensis, *' water-weed." 
2. Lemna trisulca. 3. Saxifraga granulata (position of positive critical point). 

4. Oxali8 acetosella (position of negative critical point only approxiniate)- 

5. Pteris critica (positive critical point). 6. Pyrethrum sinense (garden Chry- 
santhemum). + indicates the brighter end of the photrum. 

Concerning the question of the mechanism of the movement 
of the chlorophyll grains, there is much difference of opinion. 
It is urged on the one hand that the chlorophvU gniins niove 
actively to attain their new positions, and, on the other, that 
they are passively carried by the celi currents. Of these two 
vie\vs analogical reasons are perhaps the strongest for preferring 
the second. 

As to the question in how far these movements can be 
regarded as adaptive, we may sav that Stahl believed that 
they regulate the relation between intensitv of sunlight and 
assimilating area, so that the quantity of avSsimilation shall not 
become too great. Hiekonvmus ('92, p. 466) considers thein to 
be for the purpose of screening the nucleus. ^looKE (p. 222), 
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however, cliiefly from a conaideratiou of vegetative apcjstro- 
phe, has beeii led to the couclusion " that the movemeuts of 
clilorophjll have no relation whatever to benefit or mjury 
esperieiiced by the grains, nor uecesaarilj to tlie well-being of 
the protoplasm." 

j8. The Rearrangement of Pigment in Animal Celh in Reiponie 
to Lii/kt. — One of the strikiug cases of this effect of ligbt is 
seen in the pigment cells of the skin of the chaiueleon, aa 
described by Keller ('95, pp. 144, 162). He has found that 
the dark color of the (illiiminated) ekin ia due to the rich 




Fto ST — \ertical Bectinn ihrougli a, liinck dermai paplUi, of Cbamtcleo Tolgarla. 
ep Bpidermis eii i!uIib p blaok pignictit cells p jirmesaes if the cella cotl- 
Miniug pigment a }ellDW pigment celta [ Utec Kellbb I5 ) 

branching at the base of the epidermia of biack pigment cells 
lymg deep in the cutis (Fig. 67). In the dark, the pigment 
granules stream out of tlie branchea into the celi body, but the 
braiiches themselves are undisturbed (Fig. 58). So long as 
the l>hvck pigment has this centnil positiou, the skin apj>eara 
wiiitish. The light, on the contrary, causes the pigment, which 
is probably carried passively in the plikuma, to move centrifu- 
gallv. Whether the direct Tesponse to light of tlie pigment 
cells of the frog. as described by Stessach ("91), is of the 
same nature, or dne to contractions of the pigment cells, re- 
mains to be determined. 

Again, in the retina of the compound eyes of Artliropoda, 
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we flnd tliis capacitj for rearrangemeut of pigment granules, 
aa ExNER ('89 and '91, p. 104), Stefajjowska ("90), Szcza- 
IpVISska ('91). 1'ABKER ('95), and others have 8hown. In tlie 
higlier Crustacea, for exaniple, the pigment granulea of the 
pigment cells BurrounJing the rbabdome (or " spindlo ") are, in 
the dark, below the level of the apindle. Upnn illumination, 
hon-ever, these granules migrale (or are carried) upward3, and 
partij envelop the rhabdomes I btheve it has not been deter- 
iniiud what n>8 irt miohed m producing this result This 
rcbpunse to bght is tonsidcied to be an advaut Lgtjous one, since 





tlie pigment thus cuts ofF side rays from the perceptive organ 
— the rhabdome. 

It is interesting that we should find cells containing t\vo so 
diverse kinds of pigment as chlorophyU and the retinal pig- 
ment responding to light in so similar a fashion. In most of 
the čase:!, if not ali, this response is an adaptive one. 

7. The Miffration of Pigtnent Celh in the Metazoan Bodi/. — 
It lias been 3hown, apparentlj' first by Ekgelsiask ("85), that 
the pigment cells of the retina vary their movements witli the 
light. Thus, when a strong light ia thrown upon the retina 
of the frog, the pigment celts send out pseudopodium-Iike 
processes between the rods and cones, whereas in the dark the 
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pigment lies behind aH these elements. Also, among the Crus- 
tacea, the protoplasm of the outer pigment cells, surronnding 
the cones of the compound eye, migrates centripetally in a strong 
light, to return again to its peripheral position in darkness. 
These movements may also be considered adaptive. They are, 
in addition, movements which are discharged only by light. 

C. Metazoa. — We may treat of the control by light of the 
movements of the higher animals somewhat more summarily 
than we have the preceding classes. The facts will be arranged 
by groups in systematic order. 

Among radial animals, Hydra has perhaps been for the 
longest time an object for photopathic study. Trembley 
(1744, p. 66) had noticed that Hydra viridis, and even muti- 
lated pieces of it, came to the light side of the vessel. When 
the light was admitted only through a chevron-shaped slit, the 
Hydras were later found aggregated opposite the slit in the 
form of a ehevron. That it was not the warmth of the sunlight 
that attracted was shown by turning the slit towards the cooler 
air, whereupon the same response occurred. The observations 
of Trembley showed that the Hydras did not move in as straight 
a line as possible towards the light (they must, of course, follow 
a firm substratum), but gradually wandered towards it. The 
response of Hydra must therefore be considered as photopathy. 
More extensive studies were made upon Hydra by Wilson ('91), 
who found that Hydra f usca is likewise responsive to light, and, 
indeed, photophil with reference to diffuse daylight, and photo- 
phob to direct sunlight. And it can be shown that it is an 
advantage to Hydra to be photophil, since many of the Ento- 
mostraca upon whieh it feeds are phototactic. 

Besides Hydra, I know of only one čase of response by Coe- 
lenterata to light. The larvse of the sponge Reniera are said 
(Marshall, '82, p. 225) to flee from the light, — probably 
negative phototaxis. 

Among Echinodermata^ Asteracanthion rubens (Graber, '85, 
p. 155) appears to be photophil, and Asterina gibbosa (Driesch, 
'90, p. 155) to be photophob. 

Although, as we have seen, some radial animals may respond 
to light, the phenomenon is more wide-spread in the bilateral 
groups, — flatworms, annelids, crustaceans, insects, molluscs, 
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and Vertebrates. The results of experiments may here be 
given in tabular form. Unless otherwise stated, the light is sup- 
posed to be diffuse daylight, and the response to be phototactic. 



TABLE XVin 



Oboakism. 



Fre8h-water planaria . . . 

Polyuoe sp 

Foljgordius, larva .... 



£arthwonn 



Leech 



Daphnia 



Many marine copepoda 
BalanuB, larva 



Limulus, larva 

Idotea tricuspidata 

DiastjlU (Cuma) rathkii . 

CarcinuB mfenas 

HomaruB americanus, larva 

Flant lice 

Blatta germaiiica (blinded) 
MuBoa dom. (?), larva . . . 

Muaca, adalt 

Muflca vomitoria, larva . . 

Mosca cw8ar, larva 

Eristalis tenax, larva . . . 



Lepidoptera, adult 
Lepidoptera, larva 



Ants, after fpiiniiig wing8 . 
Melolontha vulgaris. (May 

beetle) 

Tenebrio molitor, larva . . 
DeDtalium 

Rissoa octona 

Littorina rud is 

Gasterosteus Rpinachia. . . 

Triton 

Frog 



Senbb oir 
KispoiruE. 



(or 
(or 









-f 






+ 



AUTUOBITT 



LoBB, '90, p. 96 
Dribsch, '90, p. 155 
LoBB, '93, p. 90 
Darwin, '81, p. 21 
Orabbr, '83, p. 210 
HE88B, 'i)6 
LoBB, '90, p. 96 
Trbmblbt, 1744, p. 96 
Bbrt, '78, p. 989 
LuBBOCK, '82, '83 
Davenport and Cannon 
LoBB, '93, p. 96 
Gboom and Lobb, '90, p. 

160 
Lobb, '93, p. 83 
Grabbr, '85, p. 141 
Lobb, '90, p. 91 
Driesch, '90, p. 156 
Hbrrick, '96, p. 189 
Lobb, '90, p. 55 
Grabbr, '83, p. 235 
Lobb, '90, p. 69 
Lobb, '90, p. 81 
Davidson, '85, p. 160 
PourHET, '72, p. 113 
PoucHBT, '72, p. 129 
Seitz, '90, p. 337 
LoEB, 'IK), p. 46 
Ia)RB, '90, p. 51 
PoiLTON, '87, p. 315 
LoEB, '90, p. (>3 



LoBB, '90, p. 86 
Lobb, *90, p. 84 
Lacaze-Duthibrs, 

p. 25 
Gkabeb. '85. p. 144 
Drirach, *90, p. 155 
<;kabrk, '85, p. 148 
(iRABKK, *83, p. 221 
Ix>KB, '90. p. 90 



,Bw 
«>i. 



Rbmaekb. 



seep. 200 
photophob 



photophil(?) 

phototactic 
see p. 200 
see p. 200 



photophil 

mud-inhabiting 

photophob 



photophob 



see p. 197 



photophob 

photophil 
phutitphob 

photophob 
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A study of this table reveals the fact that, in general, organ- 
isms which live in shacly places or in the dark are negatively 
phototactic or photopatliie, while those living in the light are 
positively phototactic or photopathic. Thus most fresh-water 
planarians and leeches are inhabitants of shady pools. PolyTioe 
is generally found in dark retreats, the earthworm and fly 
larvae are lovers of the dark, and shell-moUuscs are for the 
most part enclosed in cases impervious to light. On the other 
hand, Daphnia is found largely in open pools, larvae of Lepi- 
doptera and many adult insects live in the sun. Into this 
general rule there are some cases which do not so obviously fall. 
But we have little data concerning the habits of the races em- 
ployed and the absolute intensity of light used, so that these 
cases may perhaps be only apparent exceptions. One clear 
exception is that of the mud-inhabiting Diastylus, which is -f 
phototactic. 

3. The General Laws of Phototazis and Photopath7. — Under 
this head we shall consider : (a) the sense of the response ; 
(6) the effective rays ; (c) prototaxis V8. photopathy ; (d) the 
mechanics of response to light. 

a. The Sense of the Response. — In considering, now, more 
generally, the effect of daylight upon the direction of loco- 
motion of organisms, we must recognize that the sense of 
response (whether -f or — ) depends upon interna! conditions 
and external conditions — upon the quality of the protoplasm 
and the nature of the environment. Let us consider, first, the 
dependence upon internal conditions. 

We find that, under similar external conditions, different 
orgailisms respond diflferently. For example, many Oscillarise 
(p. 184) are positively phototactic even in direct sunlight; 
wliil8t even moderately strong light will repel many diatoms. 
In fact, we find that a positively phototactic or photopathic 
organisni is such only in the presence of a certain inten8ity of 
light. AVhen the intensity is diminished below a certain point, 
no response will occur. AVhen, on the other hand, the inten8ity 
is increased above a certain point, the organism moves away 
from the source of light. There is a certain range of intensity 
in which alone the positive responses occur. The position and 
the extent of this positively phototactic range vary for the 
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different species, — they are closelj correlated with the condi- 
tions of light in which the organism has been reared. As a 
result of these conditions, we may say that each organism is 
attuned to its peculiar range and intensitj of light. 

Upon the ground of this diflference in attunement may be 
explained the remarkable difference in behavior of butterflies 
and moths to light. It is well known that butterflies fly 
tovvards even the strongest sunlight, whilst moths are secluded 
during the daytime, but at night fly towards the candle-light. 
LoEB ('90, p. 46) has performed some experiments with these 
inseets, which I will cite in detail. 

ExPERiMENT 1. — (a) Sphinx, Bombyx, and other moths were kept in a 
large glass cage in a room illuminated only by daylight. As darkness came 
on, the moths began to fly towards that side of the cage which was next the 
window. Again (6), pupae of nocturnal moths, left in a room, emerged during 
the night, and were always found in the morning at the closed window of 
the room. Finally (c), a nocturnal moth, made to fly in the daytime, directed 
its way to the window. Thus, nocturnal moths are positively phototactic 
to diffuse daylight as well as candle-light. 

£xPBRiMENT 2. — IIawk-moths were brought into a room with the single 
'window at one end, and a petroleum lamp at the opposite end. It was 
found that, as twilight came on, the moth flew to the window, or to the light, 
according to the relative intensity of the one or the other at the point where 
the moth was liberated. Thus, there is no preference for artificial light. 

The conclusion at which Loeb arrived \vas that these moths 
undergo a diurnal variation in responsiveness to light, which 
corresponds to the cliange from day to night. But the fact 
that, in experiment 1 c, nocturnal moths flew, in the daytime, 
tovvards the diffusely lighted window, tlirows a doubt upon this 
interpretation. Ali the facts are equally well explained upon 
the following ground: Butterflies are attuned to a high intensity 
of light, moths to a low intensity ; so that bright sunlight, 
whicli calls forth the one, causes the other to retreat. On the 
other hand, a light like that of a eandle, so weak as not to 
stimulate a butterfly, produces a marked response in the moth. 
We shall consider, in a moment, the cause of these differences 
in light attunement. 

We have seen that one internal condition modifying response 
is the racial quality of attunement. A second is that of period 
oflife. Thus, LoEU ('90, p. 56) has found that, at the intensities 
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employed, the wingle8s plant lice were hardljr responsive to 
light. The winged form was markedly positively phototactic. 
So, likewise, in the čase of ants (Loeb, '90, p. 63), during the 
period of the marriage flight the males and females (but not 
the workers) are stronglj positively phototactic, but after that 
period they show themselves neutral. The čase of the house- 
fly, Musca, is interesting, since the larva and adult are photo- 
tactic in opposite senses (see table). In most of these cases, 
the difference in responsiveness is associated with a difference 
in habit. 

The sense of response depends, also, as we have seen, upon 
eztemal conditians. In this regard, the immediately preceding 
conditions of light, the temperature, the concentration, and the 
supply of oxygen have important effects. We shall consider, 
in order, the action of these conditions. 

Light can modify the response to light ; thus, Groom and 
Loeb ('90) have shown that the nauplii of Balanus, as well as 
other pelagic animals, come to the surface of the sea during 
the night, but descend before the stronjg sunlight. This does 
not indicate merely a low light-attunement of the race ; f or 
nauplii exposed to sunlight in the early afternoon are aH posi- 
tively phototactic, and only gradually, as the day progresses, 
move from the sunny window, until, finally, even as dusk 
approaches, ali are found on the side away from the window. 
Nor have we here to do with a diurnal change in the sense of 
the response. For if a culture is kept in the dark, it is found 
to be at first positively phototactic at whatever tirne of day it 
is exposed; only later acquiring the negative phototaxis. In 
the same way, when the young Balanus larvae leave the interior 
of the shell of the parent, they are at first positively phototactic ,• 
but after being in the light for from ^ to 2 hours, they become 
negatively phototactic. The more intense the light, the quicker 
its effect. 

Another observation upon th^ nauplii is representative of a 
new class of light effects. When nauplii which have become 
negatively phototactic through exposure are covered for a few 
minutes, and then suddenly again exposed to light, they move 
momentarily toward8 the light, and then begin their negative 
niovement again. Somewhat similar are the results obtained 
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by Strasbukger (78, p. 574) on Ulotlirix spores, which are 
positively phototactic in a weak light. While responding to 
such a light, tliey do not, however, turn at once \vlien a light 
of repelling intensity is thrown upon them. So, also (p. 600), 
when HsDmatococcus is responding to indigo light, the inter- 
position of red glass does not at once cause it to turn from its 
path. In ali these cases, the immediately preceding condition 
of light eontinues to exert an action whieh modifies the response. 

Closely allied are the results obtained by Verworn ('89, 
p. 50) upon the diatom, Navieula brevis, whieh is attuned to 
only the faintest light. When, however, a culture had been 
reared by a window for two weeks, the attunement to light 
had been so raised that now a slight degree of positive photo- 
taxis took plače in diffuse light. We have in these facts 
examples of a phenomenon whieh we have observed in the 
action of other agents. It is one expres8ion of the acclimatiza- 
tion of organisms to the peculiar conditions of their environ- 
ment. We have just seen that every organism has its optimum 
inten8ity of light for metabolism and response, and that this 
optimum is very varied; but, throughout, one law holds. 
Organisms which are accustomed to live in strong light have 
a high optimum inten8ity; and those accustomed to live in 
a \veak light have a low optimum intensity. This relation 
is, indeed, so close as to raise the suspicion that the normal 
intensity of the light has determined the optimum. And this 
suspicion is confirmed by the experimental evidence just cited. 
No\v, since the position of the optimum is usually advantageous, 
we may conclude that light can so modifv protoplasm as to 
adapt it for the conditions in which it is living. 

We now pass to the consideration of the effect of tempera- 
ture upon response. This effect was noticed by Strashuuger 
(78, p. 605) in the swarm-spores of Hjematococcus, Ul()thrix, 
etc, which, at a temperature of 16° C. to 18° C, gather at the 
side of the drop next to the \v'indow. If, now, they are sub- 
jected to a temperature of 40° C, the intensity of the light 
being constant, thev m igrate to the opposite side. On the 
other hand, at a temperature of 35°, the -f aggregation is more 
complete than at 16° to 18°. Control experiments with emul- 
sions satisfied Strasburger that this change is not due to 



200 LIGHT AND PROTOPLASM [Ch. VII 

currents in the water, but is a truly vital phenomenon. That 
it is such is indicated also by the following curious behavior. 
If svvarm-spores which normally aggregate at 18° towards the 
positive side of the drop, are 8uddenly brought to 18° from 30°, 
they appear, for a moment, negative. Conver8ely, if 8warm- 
spores whieh normally aggregate at 30° toward8 the negative 
side of the drop are suddenly brought from 8° to 30°, they ap- 
pear, for a moment, positive. Thus, the immediately preceding 
culture-temperature affects the sense of the response. 

The results obtained by Strasburger have been in part 
confirmed by other authors in other species. 

Groom and Loeb ('90, pp. 166, 172) state that in the čase of the nauplii 
of Balanus — ** at a higher temperature, for instance 25^ C, the phenomena 
[of phototaxis] are run through more sharplj and quickly than at a tempera- 
ture of about 15°"; and again, "we often succeeded in suddenly changing 
the sense of the heliotropism of the larva by a sudden change, of only a few 
degrees, in the temperature of the water." This statement is unfortunately 
so vague as to say little more than this, that temperature influences the 
response. Massart ('01, p. 164) remarks, incidentally, that the flagellate 
Chromulina is + phototactic at 20° C, but — phototactic at 5° C. Loeb 
(*93, pp. 90, 96) obtained a result with Polygordius larvae and Copepoda 
which seems, at lirst sight, the opposite of Strasburger's. Polygordius 
larvje, negatively phototactic at 16°, were gradually cooled to 6°, at "which 
temperature they began to move rapidly towards the + side of the vessel. 
As the temperature gradually rose they became —phototactic again. Indi- 
viduals which were (abnormally) 4- phototactic at 17° to 24°, when raised 
gradually to 29° became — phototactic. Sudden diminution of temperature 
within the limits at which response occurs did not change the sense of their 
response. Thus, negative individuals brought suddenly from 23° to 13° 
remained negative. Exactly parallel results concemiug the relation of 
temperature and response were obtained by Loeb from Copepoda. 

AH results may be harmonized in the expression : Diminu- 
tion of temperature below the normal eauses reversal of the 
normal response ; elevation of the temperature to near the 
maximum accelerates the normal response. The point of 
light attimement varies with the temperature.* 

Not only light and heat, but also the concentration of the 
medium affects light attunement. We are indebted to Loeb 

* It follows from these experiments that it is necessary in any phototac- 
tic investigation to regard not only the intensity of the light, but also the 
temperature. 
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('93, pp. 94, 96) for information on this subject. Negatively 
phototactic Poljgordius larvae were placed in sea water to 
which 1% to 1.3% NaCl had been added. They now appeared 
positively phototactic. Positively phototactic individuals, on 
the other hand, placed in sea water diluted with 40% to 60% 
fresh water became negatively phototactic. Similar results 
were obtained with Copepoda. Thus increased concentration 
rendered -f phototactic (raised light attunement), while dimin- 
ished concentration rendered — phototactic (lowered light at- 
tunement). Increased concentration works, therefore, upon 
Polygdrdius and Copepoda, according to Loeb, like diminished 
temperature. 

Finally, the chemical condition of the medium has an impor- 
tant effect on photopathy, as can be judged from certain 
observations of Engelmann ('82% p. 391). Various chloro- 
phyllaceous Ciliata, e,g. Stentor viridis and Paramecium bur- 
saria, are photopathic only when the oxygen 8upply in the 
medium is below the normal. In such media they are strongly 
photophil. This čase is clearly not a čase of phototaxis, as we 
have just seen (p. 187). The response is advantageous since it 
brings these organisms into the sunlight, where chlorophvU can 
produce oxygen. 

To recapitulate : the sense of response in phototaxis is modi- 
fied by previous subjection to light, by temi)erature, and by 
concentration. These agents modify the attunement of the 
organism. Any quantitative experiments upon phototaxis 
must therefore take aH of them into account. Certain chloro- 
phyllaceous organisms exhibit -f photopathy, but only in an 
insufficiently oxygenated medium. 

From the foregoing considerations we conclude that for 
every phototactic organism there are three ranges of intensity 
to be distinguished : the positively phototactic range in whieh 
the organism moves towards the light ; below this, the indiffer- 
ent range extending to darkness ; above it, the negatively 
phototactic range extending up nearly or quite to the point of 
light-rigor. The limits of these ranges vary witli both external 
and internal conditions. 

b, The Effective Rat/s. — We have hitherto considered ehiefly 
the action of wliite light, merely referring casually to the 
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action of the different rays of which it is composed. We 
must now aiiswer the questioii : What different effects do the 
different rajs have ? 

The effeet of the different rays in phototaxis is very clearly 
seen in the various groups of Protista and among the Fla- 
gellata and the swarm-spores, there is entire uniformity of 
response aceording to the testimony of Cohn ('65, p. 36), 
Strasburger (78, pp. 593-599), Engelmann ('82*, p. 398, in 
Euglena), and Verworn ('89*, p. 49, in Navieula). Here the 
more aetinic rays with shorter and more rapidly vibrating wave, 
aet exactly like white light, whilst the rays from the opposite 
end of the spectrum have no more effeet than darkness. More 
precise determinations were made by Strasburger ('78, p. 
697), who found that the swarm-spores of the alga Botridium 
responded to the blue and violet, but e8pecially to the indigo, 
whilst the green and ultra-violet were alike without effeet. 
And Engelmann, by means of his microspectral apparatus, 
was able to determine that Euglena responded chiefly to the 
rays X = O Alfi to X =0.49/1 ; that is, ray8 very near Frauen- 
hofer's line F. The colorless Myxomycetes agree with the 
chlorophyllaceous forms, aceording to Baranetzki ('76, p. 
332), in responding to blue rays only. 

Among the higher organisms, Hydra, aceording to Wilson, 
accumulates especially behind blue glass, to a small extent 
behind green glass, and is entirely indifferent both to the upper 
violet rays and those below the green. The photophil starfish 
Astracanthion rubens, even when deprived of its eyes, was 
found by Graber to be "cyanophil"; even, though in slight 
degree, to a low inten8ity of light. Among Mollusca, Graber 
found that the photophil Rissoa moved towards the blue even 
when the inten8ity of the blue light was less than that of the red, 
and Driesch asserts that the photophob Littorina rudis shuns 
only blue rays. Thus, without multiplying cases, the results 
of experiments may be summed up as follows : positively pho- 
totactic or positively photopathic organisms are such only in 
the presenee of the blue rays. 

There are some few observations which are in apparent dis- 
cord with this conclusion. AVhether the ultra-violet rays are 
ever active is a fairly debatable question. Lubbock ('82, 
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• 
p. 127 ; '84, p. 137) showed that Daphnia and some ants are 

very sensitive to the violet rays, and Graber ('83, p. 214) 

found that the photophob earthworm withdraws from ultra- 

violet rays. This result is unusual, however, for most experi- 

menters have agreed with this much of Bert's ('78, p. 989) 

conclusions, that "the animals see . . . only those ray8 whieh 

we ourselves see," or, better, that tlie range of irritability of 

the protoplasm of our retina is as great as that of any other 

protoplasm. 

Below the blue, some authors have believed the yellow rays, 
the brightest of the speetrum, to be prevailingly photopathic. 
Thus both Bert ('68, p. 381) and Lubbock ('83, p. 214) find 
that Daphnia accumulates especially in the yellow and green 
parts of the speetrum. Regarding these results I have only 
the comment that they need further confirmation. 

C, Phototaxi% vs. Photopathy. — We have hitherto assumed 
the existence of two dissimilar sorts of locomotor response to 
light — phototaxis and photopathy. Phototaxis we defined as 
migration in the direetion of the light rays, and photopathy as 
migration towards a region of greater or less inten8ity of light. 
Are we justified in making this distinction? 

The chief ground for this distinction is the existence of two 
sorts of phenomena which, not having been generally recog- 
nized as diflferent, have led to extensive discussion. The best- 
established of these phenomena is phototaxis, which was proved 
to exi8t by certain crucial experiments of Strasburger on 
Protista, and of Loeb on Metazoa. Mr. W. B. Cannon and 
I have used Strasburger's methods on Daphnia, and con- 
firmed his results. Figure 59 gives a view of our apparatus, 
which was essentially the same as Strasburger's. It con- 
sisted of a hollo\v prism P, containing a dark solution and 
placed over the trough 7, with its organisms. Strasburger 
('78, p. 585) put swarm-spores of Botrydium and Bry<)psis into 
the trough, and reflected the light perpendieularlv througli the 
prisin upon the trough. There \vas now a perfect gradation in 
intensity from the thiek end to the thin edge of the, prism. 
Vet the organisms showed no tendency to aggregate at the 
clearer end. Tlie light was now permitted to enter the trough 
obliquely, the thicker end of the prism being next the source 
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of light, as in the figure. The spores now moved towards 
the source of light, i.e, in the direction of the infalling rays 
but eonstantljr into a region of less intensitjr of light. 




Fio. 59. — Diagram 8howing the position of apparatus and the direction of the rays 
in an experiment in phototaxis. T, troagh of water containing organisms, A and 
B its two ends, M its middle. P, a prismatic box containing a solation of India 
ink. S, screen to cut off eitraneous light. L, gas-lamp having a Welsbach 
bumer. Drawn to scale. 



Loeb's ('90, p. 32) results were obtained by the use of quite 
different methods. In one čase he employed a chamber made 
of two test tubes plaeed with their mouths together. One of 
the tubes was darkened except f or a elear streak at one end, c ; 
and this darkened tube was pointed to\vards the light, so tliat 
the rays fell through its axis. Although the clear chamber 
was evidently the brighter, the Porthesia larvao with whicli 
he experimented moved into the darkened chamber and thus 
towards the source of light (Fig. 60). Again, a clear test tube 
containing larvie (Fig. 61) was plaeed so that its closed end 
b was directed towards the window FF. A bundle of 8un's 
rays SS struck nearly perpendicularly the mouth of the tube a, 
when the larvje were aggregated at the beginning. Neverthe- 
less the larvoe, since their progress in the direction of the per- 
pendicular rays was soon interrupted by the wall8 of the tube, 
moved towards the window, f rom the region of greater inten8ity 
of light in the direction of rays which passed more nearly in 
the axis of the tube. That this is not negative photopathy to 
strong light is indicated by the fact that the Porthesia larva is 
attuned to a high intensity of light. The evidence would thus 
seem satisfactory that the direction of migration of certain 
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organisms is determined by the direction of the light rays. 
Tliere is, then, sucli a thiag aa phototaxis. 

But is the dii^ection of locomotion ever determined by a dif- 
ference of inteii8ity of light in adjacent regions, without refer- 
ence to the direction of tlie light rays ? \Vhole series of obaer- 
vations make this probable ; for a migration to a definite part 
of the trough bas followed unequal illumination by rays 
perpendicular to the trough. Thus Lubbock found that 




Fio. 60.— Two test tnbei a and b, conUOnlng Porthesia larrK c, wliich move iowariJi 

the niDilov FF, althougb In dolng ■» tbey p<u> troiD m btlghtet to a darket regioD. 

(LoBB, '!«.) 
Fia. 61. — UiaerHin ioghowliow Porthetla larvn' moT? In Ihe test tubp ab tonardi 

the irlndou- FF, atlhoaiih Id iloing »o thc7 Irnrs the J<an of the tubv more brighll; 

lllumined by the snu'« rajrs SS. (Lokb, ''M.) 



Daphnias, placed in a trough nearij perpendicular to tlie rava 
dispersed by a priam, moved towar(is the brigliter part of the 
Bpectruni. Gkaber empIoyed screens of diverse transluccni-v 
aud color, wliich were ptaced adjacent to one another. and 
found that the organisms tended to aggregate oppositc the 
one or the other. Oltmanns ("92, p. 195) hns offered eertain 
new eiperiments pointing in the same direction. These exiH-'ri- 
mcnts were niade ujion Volvox minor and Volvos globator, 
which vrere placed in a trough bctween n-hioh and the source 
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of light a vertical screen was interposed. This screen formed 
one side of a woodeii box and consisted of two glass plates 
making an angle of 2® with each other, the interspace being 
filled with a solution of India ink in gelatine. When the sun- 
light was let through this screen, the individuals in the trough 
behind it sorted themselves into two groups ; the partheno- 
genetic individuals, which coUected opposite the clearer part. 
of the screen, and the female individuals, with fertilized eggs, 
which coUected behind the darker part of the screen, each suit- 
ing itself to the intensity of light to which it was attuned. 
When the intensity of the light was clianged, the organisms 
also changed their positions. Finallj, Loeb ('93, pp. 100-103) 

has found that f resh-water plana- 
rians (Planaria torva) gradually 
accumulate in the darker parts of 
the vessel, since the light con- 
stantlj stimulates them to move- 
ment, and in their wanderings 
they gain the dark places by 
accident and there are at rest. 
So it comes about that when 
these Planaria are in a shallow 
cylindrical vessel (Fig. 62, a, 6, 
C, rf) in front of a window AB^ 
they accumulate neither at tlie 
side towards the window nor that away from it, but at c and 
rf, where the side walls of the vessel cut off much of the light. 
AH these cases, then, lead to one conclusion, that organisms 
may move with reference to more or less intense light — that 
there is such a thing as photopathy. 

Indeed, a phototactic and a photopathic response may be 
exhibited by the same organism. Thus in Cannon's and my 
experiments Daphnia was found to be phototactic, although 
other observers have clearly shown it to be photopathic, a 
result which we have not been able to disprove. We con- 
clude, then, that some organisms have this double response 
to light that they may move in the direction of its rays, and 
that they may keep in a certain intensity of light to which 
they are attuned. 



Fig. 62.— Diagram showing position 
taken by Planaria torva in a shal- 
low cylindrical glass vessel a, 6, 
C, d, placed opposite a window 
AB. (Loeb, '93.) 
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d. The Mechanics of liesponse to Light. — Under this head 
I shall speak of tlie part of the protoplasmic body most sensitive 
to light, of the immediate effect of the light, and of the cause 
of this immediate eflfect. 

There can be no qiiestion that radiant energy with rapidly 
vibrating waves produces upon ali protoplasm a profound effect. 
The question arises, however, to what extent in organisms a 
special kind of protoplasm is differentiated for the reception of 
rays which result in a discharge of the locomotor response. 
Certainly such a differentiated protoplasm can hardly be con- 
sidered necessary to the discharge of such a response, since 
there is no morphological evidence of its existence in the 
responsive amceba. However, even in the s\varm-spores and 
Flagellata such a specialized protoplasm is clearly indicated. 
Thus Engelmann ('82% p. 396) found that when a dark band 
fell across the body of a swimming Euglena, no reaction occurred 
so long as the hinder chlorophyllaceous part alone was shaded. 
When, ho\vever, the clear area at the base of the flagellum \vas 
shaded, a marked reaction occurred. Here, near the pigment 
spot, if not at it, is the specialized light-perceiving protoplasm. 

Similarly specialized protoplasm occurs extensively in the 
higher groups in the form of retinas; but there is much evi- 
dence that in many eyeless Metazoa the whole surface contains 
such light-perceiving substances. This is well known to be the 
čase in the earthworm (cf. Hesse, '96). According to DuBOis, 
('89, p. 233), the siphon of the boring mussel Pholas dactvlus 
contracts at the least variation of light intensity upon the skin. 
Similarly, other Lamellibranchia (Ostea, Unio, Venus) close 
their valves (Nagel, '96, p. 58). Hlinded Helix are said by 
\ViLLEM ('91, p. 248) and Nagel ('96, p. 19) to be similarly 
sensitive. The lamellibranch Psamniobia, the blind Proteus 
an<juinus, and the blinded Triton cristatus are irritated bv ravs 
of light, especially the 1)1 ue rays, falling upon the skin (Nagel, 
'96, p. 22; Graber, '83, p. 233; Dubois, '90, p. 358). Thus, 
in many Metazoa, protoplasm sensitive to light is of \videspread 
occurrence, outside of the retina.* 

The immediate visible effect of light upon the organism differs 

* For .111 exteiided list of cases of such dermatoptic reaction, see Nagel, *90. 
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according to the form of the organism. In elongate, antero- 
posteriorlj differentiated animals the first visible phototactic 
response is the orientation of the organism^s axis in the direc- 
tion of the impinging ray, and with the head end directed 
towards the source of light, or from that source, according as 
the organism is positively or negatively phototactic. The 
orientation is the more precise and the retention of the position 
the more sure the nearer the light approaches the optimum 
(attractive) or maximum (repellent) intensity, as the čase may 
be. If two rays of different intensities making an angle with 
each other fall upon the organism, it apparently moves in the 
direction of the intenser ray, if free to do so.* 

In Amoeba, without differentiated axes, the effect of the ray 
of light is to determine the position of the centrifugal stream- 
ing by which a pseudopod is thrown out away from the light ; 
and the streaming continues in this single direction so long as 
conditions do not change. Thus the locomotion is in a straight 
line, lying in the ray of liglit. 

Light not merely determines the direction of the axi8 but 
the position of the head end. As we have seen (p. 196) this 
determination of the position of the head depends upon the 
attunement of the organism, a quality which in turn varies 
with certain internal and external conditions. Acting upon a 
" higlily attuned " protoplasmic mass, light will cause orienta- 
tion in one sense ; upon " lowly-attuned " protoplasm, an orien- 
tation in the opposite sense. 

Whether light has any other effect than that of orientation of 
the body is a mooted que8tion. Strasburger ('78, p. 577) and 
LoEB ('90, p. 109) recognize that migration from one point to 
another is more rapid in strong light than in weak, but believe 
this difference in rate of migration is wholly explicable upon 
the ground that the orientation is more precise in the stronger 
light, that there is less wandering from side to side. Some ex- 
periments made by Mr. Cannon and me upon Daphnia seem to 
confirm this view and at the same time afford quantitative data 
upon the degree of hastening. Thus in 18 trials Daphnia 

* This statement is provisional only. It seems to follow from the ezperiments 
of LoEB made upon moths and described on page 197. The point is worthy of 
detailed comparative studj. 
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required, to travel 18 cm. in fuU light, 15% longer tirne tlian 
the same individual required in light J as strong. Since the 
increased time was only 15% instead of 300%, as it should be 
were rate proportional to intensitjr, it seems probable — a con- 
clusion confirmed by the direct observation of the organisms in 
the trough — that the 8lower rate in the weaker light is due to 
less precise orientation. How would the rate be influenced by 
two lights of different intensities acting from opposite diree- 
tions ? Upon this matter we have no experimental data. 

Light, then, serves to orient the organism ; but how ? This 
again leads ns to the general question of the cause of the tactic 
response, — a question which must be ref erred to a later chap- 
ter. Certain special considerations may, however, be introduced 
here. Let us lirst think of the way in which light acts on the 
negatively phototactic (and photopathic ?) earthworm. Repre- 
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Fio. 63. — Diagram, representing sonlight (SS) falling upon an elongated, bilataral 
organiflm (repredlnted by the aiTow) whoee head is at A, (Original.) 

sent the worm by an arrow whose head indicates the head end 
(Fig. 63, A). Let šolar rays SS fall upon it horizontally and 
perpendicularly to its axis. Then the impinging ray strikes it 
laterally, or, in other words, it is illuminated on one side and 
not on the other. Since, now, the protoplasm of both sides is 
attuned to an equal intensity of light, that which is the less 
illuminated is nearer its optimum intensity. Its protoplasm is in 
a phototonic condition. That which is strongly illuminated has 
lost its phototonic condition. Only the darkened muscles, then, 
are capable of normal contraction ; the brightly illuminated 
ones are relaxed. Under these conditions the organism curves 
to\vards the darker side ; and since its head region is the most 
sensitive, response begins there. Owing to a continuance of 
the causes, the organism \vill continue to turn from the light 
until both sides are equally illuminated ; i.e. until it is in the 
light ray. Subsequeut locomotion will carry the organism in a 
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straight line, since the muscles of the two sides now act simi- 
larly. Thus orientation of the organism is eflfected. The same 
explanation, which is modified from one of Loeb ('93, p. 8(3), 
will account, mutatis mutandis^ for positive phototaxis. 

Such an explanation can serve only for elongated organisms. 
The ease of the amoeba is quite diflferent. Here \ve must think 
of the protoplasm as being modified by a light ray so as to flow 
centrifugally especially in that ray, perhaps through peculiar 
molecular disturbance wrought by the ray. 

As for photopathic response, that is probably to be accounted 
for on the ground upon which Engelmann has explained the 
arrangement of Bacterium photometricum in the microspec- 
trum ; on the ground, namely, that inereased brightness causes 
a movement forwards, that a diminution in brightness causes a 
movement backwards, or vice versa^ thus resulting in the accu- 
mulation of the organisms in the darker or lighter parts of the 
field. 

To summarize, then, light acts directly either through differ- 
ence in intensity on the two sides of the organism, or by the 
course the rays take through the organism. Difference in 
intensity of light may also determine the position of organisms 
with reference to light by virtue of the irritation produced by 
rapid change of intensity. 

SUMMARY OF THE ChAPTER 

The study of the effect of light on protoplasm must be made 
quantitative as well as qualitative, and demands the use of appa- 
ratus for determining the quality and intensity of the light 
employed. The reactions produced by light upon protoplasm 
are undoubtedly of a chemical character, and, indeed, experi- 
ments with non-living organic compounds show that it ha^ an 
important eflfect in synthesis, in analysis, in substitution, in the 
production of isomeric or polymeric conditions, and in fermen- 
tation. Since protoplasm consists of a large number of kinds 
of organic substances, we should expect light to produce far- 
reaching results, the more so as it can penetrate deep into the 
tissues of the organism. 

The effect of light upon the general f unctions of organisms is 
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revealed in modifications of metabolism and of movement, and 
in tlie production of death. Upon metabolism we can distin- 
guish an effect of the red rajs, which are greatlj absorbed by 
ehlorophjrll and are chiefljr active in assimilation, and an effect 
of the blue rays, which seem to produce important chemical 
changes, increasing the production of carbon dioxide in plants, 
creating an electric current in the retina as it falls thereon, 
and bleaching visual purple. These chemical changes become 
more vigorous with increased intensitj of light and may lead 
to death ; \vhile, at the opposite extreme, complete absence o£ 
light may prove fatal by withdrawing the necessary thermic 
and chemical energy . Again we find light sometimes necessary 
to movement in protoplasm, at other times by its absence or 
too great intensity inhibiting movement, or, again, by sudden 
change in intensity, creating abrupt changes in movement. 
Thus light undeniably has a great effect upon the processes of 
metabolism and movement. 

Finally, in those complex processes involved in locomotion, 
light produces very widespread effects ; for the direction 
(and, though only indirectly, perhaps, the rate) of locomotion 
is influenced in so important a way that when light is \vith- 
drawn the organism wanders aimlessly about. Of tlie various 
rays, those with wave length = 40/i to 49/i are the most active 
in controUing locomotion. Movement to\vards the light takes 
plače at intensities of light varying greatly with the species 
and also with the conditions other than light in \vhich the indi- 
vidual finds itself, — two factors upon which depends the degree 
of attunement. Light having an intensity above that to which 
the organism is attuned repels the organism. Two kinds of 
effects are produced by light : one by the direction of its ray 
— phototactic ; the other by the difference in illumination of 
parts of the organism — photopathic. 

We thus see that organisms respond to light, and that this 
response, exhibited in movements, is not of a \videly different 
order from the disturbances produced in metabolism, which in 
turn are of the same order as the chemical changes produced l)y 
light in our laboratories upon non-living substances. In a \vord, 
response to light is the result of chemical changes in the proto- 
plasm wrought by light. 
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CHAPTER VIII 

ACTION OF HEAT UPON PROTOPLASM 

In this chapter it is proposed to consider (I) briefly, the 
nature of heat and the general methods of its application ; 
(II) the action of heat upon the general functions of organ- 
isms ; (HI) the temperature-limits of life ; (IV) the accli- 
matization of organisms to extreme temperature, and (V) the 
determination of the direction of locomotion by heat — ther- 
motaxis. 

§ 1. Nature op Heat and the General Methods of 

ITS Application 

Heat is believed to be due to the vibrations of the molecules 
of bodies. In any heated solid, fluid, or gaseous mass the 
molecules are in constant motion. When the temperature 
is increased, the motion is increased, and the impacts of the 
flying molecules become more frequent. If a vessel containing 
Avater is brought into contact with warmer air or warmer fluid, 
its molecules fly f aster, its temperature is raised. As the 
motion of the molecules in the walls of the vessel increases, 
the increased motion is transmitted to the contained water, 
and finally to the objects in the water. Thus the motion of 
the molecules of an organism in the water is increased with the 
increase of tlie temperature of the water. Heat, as so-called 
radiant heat, is transmitted through space in straight lines, and 
folloNvs ali the laws of light, into which it passes when the rate 
of wave vibrations becomes rapid enough to aflfect the retina. 
The chief effects of radiant heat were considered in the last 
chapter. 

Heat is an important element in ali chemical processes. The 
state of cohesion — solid, liquid, gaseous — and the ease with 
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which molecular decomposition and sjnthesis occur, vary directljr 
with it. This is an important consideration in our study of pro- 
toplasm, for most of its changes are chemical changes. 

A word should be said concerning general methods of applj- 
ing heat to protoplasim. In the čase of the higher plants and 

seedlings, the device of Sachs ('92, 
p. 117) may be employed. Tliis 
consists of two metallic vessels, a 
and i (Fig. 64), of similar form, 
one placed inside of the other, the 
interspace being filled with water. 
Within the inner vessel is placed 
the pot (i) with the object of ex- 
perimentation. The whole is cov- 
ered over by a half globe of glass 
(^), extending down to below the 
le vel of the top of the pot. The 
water is heated by a lam p (V) be- 
low, by which means moisture and 
warmth are carried to the plant. 

In the čase of the lower organ- 

isms, brief experiments may be con- 

Fio. 64. — Apparatus for 8tiidy- ducted in shallow aquaria for tlie 

liorizontal microscope (Fig. 65), like 
those devised by CoRi ('93). It Ls 
preferable to put inside of the outer 
vessel a smaller glass vessel, which 
tainiiig a seediiiig of maize sliall contain the organisms and 

p ; /i, three supporta for the 
glass beli g ; u, support for 
the flower-pot ; (/, tripodal 




ing the effect of heat upoii 
germlnation in phauerogams. 
a, the eztcrnal; i, the inter- 
nal vessel, between which is 
a water space ; f , flo\ver-pot 
mied with earth aud cou- 



the thermometer marking the tem- 
perature of the water. For long- 
iron stand carrjing the špirit- continued experiments \vhere con- 

lamp /. (From Sachs, '92.) x j. i • i ^ j. • • i 

stant higli temperature is requirea, 
a warm oven, sucli as is used in bacteriological work, is essential. 
The production of extremely low temperatures oflfers si)eeial 
dilficulties. For temperatures to — 40° or so, various freezing 
mixtures can be employed. Of these chopped ice and common 
salt in equal parts give a temperature of — 18° ; calcium chlo- 
ride and sno\v, in proportions of 3 to 2, give — 33°; and cal- 
cium chloride and snow, in the proportion of 2 to 1, give — 42°, 



the initial temperature being alwaj8 supposed to be 0°. Fiir 
lower temperaturea than tLese hdvv beea obtaioed by pliy- 
siciBta, notablj Pictet. to whose work \ve shall refer agaiu 




(p. 240). The organisms to be acted upoii may be kept in mi 
appamtua (Fig. 66) tike that eraployed by Pouchet C^*^}- 

Throughout tliis chapter. as indeeii throughout the whole 
book, thermometric reailings are given in Centigpade scale. 




'jo. 66. — Cold oiaialier sepii in eilcrnal vicirand !n s«:llou. The wall UpoidihkciI 
of an innor rjiUncler conlalniDK the freeiine mlitaro aiiil Ihe reociilACle fur llia 
otijcrt u[ eipeiimfnlation, and sa oiit«r irjliiidrr Mpar(li<il fruin ih« Inncr bjr a 
packlnjc □[ rrnRTnenis ot cbatroai. Tlip rcreptnclc cvatalnjng ibe otEuiUin la 
providrd witli a thermomcler nmt an oir tuliv. (From Fdooikt. '66.) 
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unless otherwise stated. AH readings not designated by the 
— sign are above the Centigrade O point. The point of abso- 
lute O, to which we inay have occasion to refer, is — 273® C. 



§ 2. The Effect of Heat upon the General Func- 

TIONS OF OrGANISMS 

Under this topic will be considered (1) the effect upon 
metabolism, and (2) the effect upon movement and irritability. 

1. Etfect of Heat upon Metabolism. — Within certain limits 
the relative increase of temperature leads to a relative increase 
in the activity of the vafious metabolic processes. This is well 
seen in those chemical changes which produce so-called phoB- 
phorescence. Many years ago Macaire ('21, p. 157) showed 
for fireflies, and Artaud ('25, p. 372) for the organisms of the 
sea, that light begins to appear shortly above 20°, reaches its 
maximum intensity at 40® in the fireflies and 35® in the water 
organisms, and entirely disappears at 59® to 62® in the first 
čase, and 43® in the second. The temperature of these three 
points — lowest temperature of metabolic activity, temperature 
of greatest activity, and highest temperature permitting of 
activity — may be called, respectively, the minimum, optimum, 
and maximum temperatures for phosphorescence. 

The effect of temperature on metabolism is seen in the 
absorption of oxygen by organisms. Thus VON Wolkoff and 
Mayer ('74) found that more oxygen is absorbed by seedlings, 
as the temperature is increased, f rom O® to about 35® C. This 
is shown in the following table. (From Vines, '86, p. 198.) 



FivE Nastitrtium Sbedlinos. 


FouK WEnAT Skedlinos. 


ToTAL Amount or 
Absobbkd per c.o. 


TSMPSEATintK C. 


ToTAL Amount ok 

AueOBBED. 


TSMFKEATUBS C. 


0.60 


22.4° 


0.10 


15.6° 


0.77 


27.0° 


0.038 


4.4° 


0.76 


30.5° 


0.067 


9.8° 


0.77 


30.0° 


0.088 


15.4° 


1.04 , 


35.0° 


0.022 


0.3° 


0.91 


38.2° 


0.010 


0.1° 
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Likewise Moissan ('79, p. 296) found that, in the dark, the 
amount of oxygen absorbed by a branch of certain plants varied 
with the temperature. Thus there wa8 absorbed per hour by 

0.32 C.C. 
Pinus pinaster (30 grammes) 



• I 



Agave americana (70 grammes) 



at O** C, 
at 13^ 

I at 15% 

j at 11*» C, 

\at40% 



1.30 C.C. 
1.90 c.c. 
0.54 c.c. 
5.56 c.c. 



These experiments serve to show clearly that in plants more 
oxygen is absorbed as the temperature is raised to the optimum. 

The same result is obtained from animals also. Thus Tre- 
viRANUS ('31, p. 23) found that the honey bee Apis mellifica 
absorbed at 14° C. 1.35 Pariš cubic inehes, and at 27.5°, 2.77 
cubic inehes of oxygen. At the higher temperatures the bee 
was very aetive, so that the' result seems here somewhat com- 
plieated by the inereased muscular activity accompanying a 
higher temj^rature, which invokes a more rapid respiration. 
Nevertheless, the phenomena of inereased oxygen absorption 
with higher temperature are f undamentally the same in plants 
and animals. 

Turning now to the process of ercrethn^ it appears that the 
amount of CO, evolved by seedlings varies with the tempera- 
ture. On this point we have data by Deherain and Moissan 
(74, p. 327), RiscHAWi ('77), and others. Deherain and 
Moissan experimented with leaves of tobacco kept in the 
dark. The same plant was used throughout the experiment, 
and it remained throughout in good condition. In the follow- 
ing table the temperatures are given in the first column, and, 
in the second, the number of grammes of CO, produced per 
100 grammes of leaves : — 



Tbmp. 


Gms. CO,. ' 


Tiiir. 


Oms. co,. 


Tbmp. 


Gms. co,. 


Tkmp. 


G MU. C<V 


t 
13 
14 


0.031 
0.139 
0.157 1 


15 

18 
19 


0.165 
0.178 
0.193 


20 
21 
32 


0.263 
0.289 
0.514 


40 
41 
42 


0.961 
1.132 
1.325 



When plotted (with the temperatures as abscissae) the relation 
between temperature and weight of CO, produced is expressed 
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by a line which is slightly steeper at the higher temperatures 
than at the lower. This change of steepness is, however, mueh 
less striking in the čase of the etiolated wheat seedlings studied 
by RiscHAAVi, where the following series was obtained: — 



Tf.mperatubs. 


Wbiqht CO, IN Mo. 


TSMPKRATUBB. 


Wbioiit C0| nv Mo. 


5° 
10° 
15° 
20° 


3.30 

5.28 

9.90 

12.54 


25° 
30° 
35° 
40° 


17.82 
22.04 
28.38 
37.60 



The evidence from excretion thus also confirms the conclusion 
that the metabolic processes are accelerated by raising the tem- 
perature to a certain limit. 

The effect of heat in the metabolic process of chlorophyll 
formation is shown in some plants upon which Sachs ('64) 
experimented. He prepared three culture chambers, ali illu- 
minated by a north light. A was kept at a high temperature, 
namely, 30® to 34° C. ; B wa8 kept at a temperature of 16® to 
20® C, and (7at 8® to 14® C. Into these chambers were put etio- 
lated seedlings of Phaseolus multiflorus (bean) and Zea mais 
(maize) which had been reared in the dark. The first traces of 
turning green appeared in A af ter 1^ hours ; in B after 2 to 5 
liours ; whilst in C no trace of greening appeared until several 
days had passed. Thus it appeared that at the temperature of 
8® to 14® C. chlorophyll is hardly produced. 

We now pass to the consideration of some Protista. An 
indication, at least, that the rate of metabolism is increased 
with temperature is gained from the increased rapidity of 
formation of the contractile (excreting) vacuoles of Ciliata 
under these conditions. Thus, Rossbach ('72, p. 33) found 
that the rapidity of the rhythmic movements of the contractile 
vacuole is most intimately related with the temperature of the 
body, so that one and the same species of animal under normal 
conditions always has, at a given temperature, the same number 
of contractions. From the number of the rhythmic contrac- 
tions one can therefore draw a certain conclusion concerning 
the existing degree of temperature. This relation between 
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temperature and interval between coutractious is given in 

Fig, 67. We cannot saj that the inorement of ezcretion is 

eKactly equal to that of con- eumu 

tractioD, but tliere is doubttesu 

a correlation behveen the two 

activities. 

Krom aH these facts we may 
conclude that, within certain 
liniits, an Increase of temiiera- 
ture increases metabolism, itnd 
a diminution of temperature 
dimiiiialies it. But tUe incre- 
ment in metabolic processes 
aoon finds a limit at a tem- 
perature above which the 
metabolic processes begin to 
diminisli. 

2. Efiect of Heat upoa the 
Uovement of Prottiplasm and 
Its Irritabilitjr. — Ali observers 
(DUTKOCHET, '37, pp. 777, 
778 ; Nageli, '60, p. 77 ; 
Sachs, "64; Hofmeister, '67, 
pp. 53, 54; and Cohn, '71, for 
plant cells; and Kl'HNE, '59, 
p. 821 ; and Schiltze, "63, 
p. 46, for I*rotozoa) agree 
tliat a gradual increase in 
temperature above tliat of tlie 
ordinarj' living roora results, 
within certain liinits, in an 
increuse in the rate of movement of the protoplosm. A 
diminution in tcm])erature, un the contrary, causes a decrease 
in the movement. 

Kor this accfleration with increased temperature, NX(ieli 
siinght to obtain a quantttative espression. He measured 
th*.' tirne consumed at different temperatures in the migration 
timmgh 0.1 mm. of tho granulea floating in the stream of 
protoplasm seen in the end cella of Nitella sj-ncarpa. Some 



Fio. 67, — The mean Uienn&l curvta de- 
terroined b; RunSBACU for Ibc cott- 
tnctlle vealde □( IntnaoiiB. I, for 
Eaplotes cbamn : 11, fur Stfloujcblk 
puitolua; III, (or Chllodon cocdI- 
lulus. The kbsclBSB Indicate defcne* 
ot temperature. Centlgnde, In tvo- 
degre« Intemli; Ibe oi-dlnateii gtre 
tbe nomboT of secondu elii|ielnK 
b«tween auccesiive contnciluns of 
the Traicie. [d tvo-Mcond inlervftla. 
(FroBi SKifrKB, ■'Animiil Life.") 
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measuretnents were made, also, by Schultzb, on Tradescantla 
liairs. But the work of neither of these e^uals in importance 
the determinations of Velten ("76), which I propose to give 
in some detail. Hc determined the tirne consumed by the 




Fio. 68. — CnrreB shnurliiK the relatlnn between temperature (aliscissie) and rftie ot 
muvement per minute o( the oh1oTnphyll jiTniris flnaMng <n llie proloplasm ol the 
celU ot three sp«oies of green plauts. (Data from Vkltbn, '76.) 

floating chloroplijU grains in cclls of Elodeii canadeiisis and 
Vallianeria spiralis, or the small granules near the wall of cells 
of Chara in traversing 0.1 ntm., at various temperatures. The 
resultB in raodified form are given graphically for these three 
species in Fig. 68. In this figure, the ordinates represent 
distanoe (in millimetres) traversed in 1 minute. The abscissa; 
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represent temperatures (Centigrade) from O® on the left to 44® 
on the riglit. The rate of movement increases regularly up 
to a maximum (the optimum), a rise of 1® C. being associated 
with an increased rate of movement in Chara of 1.4 mm. ; in 
Vallisneria of 0.62 mm. ; in Elodea of 0.26 mm. The rate of 
increase is, in general, slightljr greater near the optimum. 
The optimum varies, in the three species, from 34® to 39®. 
Beyond the optimum the rate rapidly decreases, cessation of 
movement being reached, in the čase of Elodea, in 3.7®, in 
Vallisneria in 6.2®, in Chara in 8.4® beyond the optimum. 
The curves exhibited in Fig. 68 are characteristie of other 
vital functions besides motion, and illustrate this general law, 
that the optimum temperature for the vital activities lies 
much nearer to the maximum vital temperature than to the 
minimum. 

After having seen that the rate of flow of protoplasm is 
dependent upon temperature, we should expect to find, as we 
do, that that other form of protoplasmic motion, cilia vibration, 
would be likewise dependent. Some quantitative data con- 
cerning relation of temperature and rate of vibration were 
gained tis early as 1858 by Calliburcžs. He plaeed a bit of 
ciliated membrane from the frog's oesophagus in a moist cham- 
ber, and in contact wilh the cilia he laid a small glass cylinder, 
h()rizontally supported, and provided with a dial by which its 
revolutions could be counted. He found that the mean time 
for a revolution was, — 

at 12^ to 19** C 22 minutes, 3 seconds ; 

at 28° C. .... 3 minutes, 7 seconds ; 

thus, in increasing the temperature from 15® to 28® C the rate 
of vibration is increased sevenfold. 

Essentially similar results were obtained, through the use of 
new methods, by Uoth ('G6, pp. 185-189), ui>on the ciliated 
ei)ithelium of the frog's uterus, rabbit's trachea, and gill of 
Anodonta, and by Engelmann ('68, pp. 381-384 ; 443, 444 ; 
454, 455 ; and 77), upon the frog's <vsophagus. The simplest 
of these methods was to determine the rate of the transportation 
of fine particles over the surface of the tissue. The result of 
these studies 8howed that the optimum temperature for the 
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movements o£ Vertebrate cilia liea betveen 35" and 40° C, 
and that a gradual elevation of temperature to tbia point is 
accompaiiied by gradual iucrease in tlie rapidity of the stroke, 
tlie law of whicli is exhibited in the curves sbown in Figa. 69 
aud 70. 

This variation in rate and regularity of cilia movement witli 
cliange in heat is marked in Infusoria, as Rossbacu ('72, p. 312) 
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Ehoklhann, '77.) 



and SCHlTKMAVKR ("PO, pp. 411, 412) Lave 8bown. Tlie low-er 
tlie temperature falls belo\v 15° C, tbe 8lower tlie locomotion, 
almost ceasing iit + 4°. Upon raising the temperature above 
lo°, inotton quickens, until, between 25° and 30°, moti on 
reaches a maximum. the Ciliata sbooting back and f<irth with 
the quickne39 of an arrow. Betweeii 30° and 35°, the move- 
ments become stili more violent, and take on a ne\v eharacter. 
They are no longer courdinated. Towarda 40°, the progres- 
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sive movement becomea 8lower, and finally censes, wliile the 
rotation continues, but in ever diminishing rapiditj-. A new 
axia of rotation is asauined, running lengthwise aud obliquely, 
or running tranaversely, in the ahort axi8 of tlie body. Finally, 
8omewhere betiveen 38° and 40°, motion ceases. Thus, the 
optimum temperature for the activities of the protoplasm lieg 
at about 30° C, and the niaximum temperature is perhaps 10° 
higher. 

The experiments upon plant protoplasm, amceboid organisms, 
and ciliated cells thus agree in demonstratiug a close relatiou be- 
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falltng. (From Ehoelmanh, 7T.) 

tween temperature and protoplasmic movement. This relation 
is 8uch that, as the temperature is elovated above the freczing 
piiint of water, the movements regularty incrcase, and reach 
thcirgreat«stactivity at about the temperature of 8low--running 
water8 in the midst of sunimer, nameU', ab<mt 25° to 30° C* 



■ The niazlmum temperature ntlalned by bodiea of onllnanr n-nter iiihablted 
by organisms spems to be close to tbe posillon of the optimum temperature ut 
organisms. Yet, temper&ture data eoneeming the waten from wblch tbe organ- 
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Above this temperature, the rate of protoplasmic movement 
rapidly decreases. 

That temperature influences the irritahility of protoplasm 
is demonstrated by many facts. Thus, Strasburgbr (78, p. 
611) found that, at a high temperature, the light attunement 
of swarm-8pores changes. For example, swarms of Hoematoeoc- 
cus and Ulothrix, which are — phototactic, move at 30° C. from 
the — to the + side of the drop. Loeb ('90, p. 43) has 
found that Prothesia larvae do not respohd to light at a tem- 
perature below + 13° C. Similarly, in respect to geotaxis, 
ScHWARZ ('84, p. 69) found that Euglena did not respond 
at below 5° to 6° C. So, too, Campbell ('88, p. 130) has 
shown that the response of muscles to electric stimulus varies 
with the temperature. Thus, with the neck muscles of the 
tortoise at — 
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isms of the experiment have been taken are, unfortunatelj, rarely givcn in 
experiments on heat. From observations made by the Massachusetts State 
Board of Health (Report on Water Supply and Sewage, 1890, Part I, p. 060), it 
appears that the various ponds and rcservoirs in the state, having a depth varjing 
from 19 to 5 metres, had a mean August (maximum) temperature ranging (in 
the different ponds) from 24° to 21° C. Various rivers, mostly not of uiountain 
origin, had, in 1887, a mean July (maximum) temperature, varjing (in different 
cases) from 26.5° to 24° C. Even in those ponds and streams in whicli the 
surface temperature is o ver 26°, a lower temperature can be found below the 
surface. Thus, from the report referred to, it appears that, while at 3.8 metres 
below the surface we have nearly the surface temperature, at 6.6 metres below 
the surface, we find a decrease of 3° to 10°, and at 10 metres a decrease of 
from 9° to 17° below the surface temperature in different ponds. As for the sea, 
the highest recorded surface temperature is about 32° C. (Red Sea, Gulf of 
Mexico.) See A. Agassiz, **Three Cruises of the Blake,** Buli. Mus. Comp. 
Zool., XIV, p. 301. It would be a valuable piece of work to determine the 
maximum summer temperature attained by the water8 of shallow ponds, pools, 
and marshes inhabited by organisms. 
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This shows that the muscle responds, and tends to return to 
its uncontracted condition less quickly at a low than at a higher 
temperature. In general, then, protoplasm is more responsive, 
the closer we approach its optimum temperature. 

§ 3. Temperature-Limits of Life 

In the preceding sections we have seen that, as the tempera- 
ture is raised above the optimum, or as it approaches O^C, 
the vital activities begin to diminish. Finallj, we meet with a 
higher or a lower limit, at whieh ali movement and the processes 
of metabolism cease. This point may be ealled, in the čase of 
the higher limit, the maximum, and in the čase of the lower 
limit, the minimum. The maximum and the minimum are not 
points of death, but merely of cessation of activity, lasting 
while the temperature endures, but being replaced by renewed 
activity when the temperature is shifted towards the optimum. 
This quiescent, or latent, condition of the protoplasm near 
the vital limits of temperature may be ealled temporary rigor 
((lerman " Starre ") to distinguish it from death. Death occurs 
at a very few degrees beyond temporary rigor. 

1. Temporarj Rigor and Death at the Higher Limit of Tem- 
perature) Maximum and Ultramaximum. (Enoelmann, 79, 
p. 358.) — The occurrence, at a high temperature, of a con- 
dition resembling death, except that the organism may revive 
from it, secms first to have been noticed by P. de Candolle 
('06, p. 346). He found that a Sensitive plant, kept 11 hours 
at 37® C, lost aH sensibility to touch, and did not close with 
the coming on of night. Maintained, during the following 
day and night, at a temperatur^ of about 20°, it remained 
insensitive during that |>eriod ; but on the succeeding night 
it closed its leaves, and on the folIowing day had regained its 
sensitiveness to touch. Thus, the high temperature of 37° had 
produced an immotile state which was not death, since it was 
only temporary. It may be ealled the state of temporary heat- 
rigor. 

The earliest record which I have found of a similar observa- 
tion among animals is that of Pickfokd ('»^1). He states 
tluit, at a high temperature, muscle went into a rigid con- 
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dition (" Scheintodtenstarre ") from which it might return to 
a nonnal condition of sensitiveness. Such a rigid state wa8 
brought about by subjecting a decapitated frog in water to 
35® R. (43.8® C.) for 1 minute. I will now add some additional 
cases of production of temporarj heat-rigor in protoplasm which 
I have found in the literature. 

In 1863, Max Schultze (pp. 33, 34) found temporary heat-rigor in 
Actinophrys, which retracts its pseudopodia and appears as a lifeless mass 
at 35° to 38°, but is not killed until 43° is reached. In the same year Sachs 
(*63, p. 453) repeated more fully the experiment8 of P. de Candolle on 
Mimosa pudica. He found that a temperature of 30° C. for 3 hours did not 
produce rigor. A temperature of 40° for 1 hour produced loss of sensibility 
during 20 rainutes. Raised slowly even to 50°, 8ensibility was only tempo- 
rarily lost, but 62° proved fatal. Immersed in water, heat-rigor occurred 
at a temperature 5° to 10° lower. Sachs clearly distinguishes a '^vorliber- 
gebende Warmestarre '' from death. 

KiJHNE ('64, pp. 45, 67, 87, 103) drew a sharp contrast between the 
rigidity of death, which he calls " WiELrmestarre," and the transitory immobile 
condition or ** Warmetetanus." He found this latter condition to occur in 
Amoeba subjected to 35° for 1 minute, in Actinophry8 subjected to 35°-40° 
for several minutes, in motile Myxomycete8 (Didymium serpula) subjected 
to 30° for 5 minutes, in Tradescantia stamen hairs at over 45°, when gradu- 
ally brought to that temperature. In aH cases there is such a relation 
between temperature and time of subjection that the greater the one is the 
less need be the other in order to produce heat-rigor. 

Very instructive also are the observations of Hofmeister (*67, pp. 54, 
55) ^hich I briefly summarize : Hairs from the stem and leaf of Ecbalium 
ageste 8howing lively movement were gradually raised from 16°-17° C. to 
40° C. They became motionless at 40° C. After 1 to 2 hours, movement 
returned, and was very violent. Cooled and raised again to 45° C, the proto- 
plasm was motionless at first, but after 17 minutes movements recurred but 
were not rapid. Put again into 47.5° (after first cooling) heat-rigor occurred 
in 5 minutes, but upon cooling, movements return. 

Very similar experiences have befallen sub8equent investiga- 
tions whicli unite in supporting the conclusion that at a certain 
temperature, slightly below the death point, protoplasm becomes 
immobile, but retains the capacity for 8ubsequent reacqui8ition 
of movement upon lowering the temperature. 

Finally, studies upon musele, especially those of Chmule- 
viTCH ('69), Samkowy (74), Moriggia ('91), Gotschlich 
('93), and others, have shown that as the temperature is ele- 
vated up to about 30^ C, the musele contracts more and more. 
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lengthening again as the temperature falls. If, however (Got- 
schlich), the temperature is raised in about 60 seconds to 38® 
and then lowered, the elongation of the muscle takes plače only 
very slowly. This is the condition of "thermisehe Dauerverk- 
urzung," and is probably the same as the condition. of tempo- 
rary heat-rigor of Sachs. When, however, the temperature 
is raised rapidly to 45® to 50® (or slowly to 35®), death-rigor 
appears, accompanied by a coagulation of the protoplasm 
which renders the whole mass opaque and permanently con- 
tracted. The rapidly replaced contraction accompanying ele- 
vation to about 30®, the slowly obliterated contraction of 38®, 
and the permanent contraction of 45® are then three stages in 
a series of effects of heat on muscle. 

If now, contraction, heat-rigor, and death-rigor are merely 
three stages in a series of effects of increasiiig temperature, 
they probably have related immediate causes. Heat-rigor is 
certainly a condition of tetanus, but the fact that the proto- 
plasm in this condition is not sensitive and cannot quickly 
return to the relaxed condition indicates that some of those 
changes that produce death-rigor have already occurred, but 
not to such an extent that the organism cannot recover from 
them. As Gotschlich 8ays ('93, p. 154), "Die thermische 
Dauerverkurzung ist also eine qualitative unvoUendete Starre" 
(i.e. death-rigor). From this point of view there is no exact 
point at which heat-rigor occurs, since the period of persisting 
rigidity varies in extent from O to many hours, and thus passes 
by almost imperceptible gradations from a contraction in re- 
sponse to heat on the one hand to death-rigor on the other. 
The muscle increases in sensitiveness as the temperature rises 
to the optimum, just as the movements of plasma in Chara do. 
Beyond the optimimi, sensitiveness diminishes, and this leads 
to a condition of heat-rigor which becomes the more pronounced 
the higher the temperature, until, through completed coagula- 
tion, death occurs. 

\Ve must now consider this point at which death occurs 
from heat ; and, as an introduction to this discussion, we 
may tabulate the results of experiments by numerous ob- 
servers who have attempted to determine the ultramaximum 
temperature. 
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TABLE XIX 
Results of Expebiment8 to Determine THE Ultramaximum Temperature 

OF OrOANISMS IX WaTER, OR THE TEMPERATURE AT JUST ABOVE WHICH 

Orgamsms Reared under Normal Conditions will Die 





Maximu]i 


CONDITIONS OP 




SPBcns. 


Tkmpbratukk. 


£xplRUiBIfT. 


AUTIIOKITT. 


Cryptogams, 








Bacteria 


45° C. 


MaximumtemDerature Cohn. m. n. 2.*W: 


*^**%* ^rS^m ^%M •••••••••• 




of growth in Iiquid 


'94, p. 150 


Yea8t 


53° 


Moist; average inax. 


Schutzenberger. 


A %rf*«^W ••• ••••••*■■ 


79, p. 162 


OflcUlatoriie 


45° 






Nostoc 


42° 
44° 


Death point 




8pirogyra ! 


DE Vries, '70, p. 


GSdogonium i 




388 


Hydrodi(.'tyon 


46° 






Cladophora 


45° to 60° 




Sachs, '64, p. 5 


Nitella flezilis 


46^ 


Gradaally raised 


Dutrochbt, *37, p. 

777 
DE Vbiss, 70, p. 


Fimaria.bygrometrica . . 


43° 










388 


Marchantia poljmorpha 1 
Lunularia vulgaris J 


46° 




«( <( 






Phaneroganis. 








Vallisneria spiralis .... 


46° to 60° 


Gradually raised ^ 
Suddenly immersed - 




Ceratophyllum demersum 


45° to 60° 


Sachs, '64, p. 5 






for 10 minutes 




Various plani cells .... 


47° to 48° 


Died (suddenly sub- 


Schultze, '63, p. 






jected) 


48 


Protozoa. 








iEtlialiuni sopt 


40^ 


Plasmodium died after 
2 minutes 


KUhne, '64, p. 87 


Anidiha 


40° to 46^ 


Death point 

Death point. Actiyity 


<( << 


Actiiiopliry8 


42= 


Schultze, '63, p. 






lost at 38° 


:^ 


Miliolida; 


43° 


Death point 


Schultze, '63, p. 
BUtschli, '84, p. 


Various Flagellata and 




4r»-' to 60' most nsual. 


8warm-siK)res 


40° to 60° 


Heiit-rii^jor usually 


8(X); Strasbur- 






otrcurs bet ween 40^ to 


fJER, '78, p. 611 ; 






50^ and is lower for 


Dallinuer, *80, 






marine than for f . w. 


p. 10 






species. Thesc tem- 








peratures for the 








motile stage 




Various Inf usoria 


45° 


Can withRtand only a 


Schurmater, '90, 






short ti me 


p. 412 
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SPKCIB8. 


Maximuii 

TKHriKATURK. 


CONDITIONS 

or £xpsBUisim. 


AunioftrrT. 


Parameciam 


42° to 46°C. 


6radually sabjected 


Mbndblssohk, '95» 
p. 19 


Stentor 


44° to 50° 


Heat-riiror poiDt. tem- Davkitport and 




jft ^ ^r%^ ^^^^ 


peratnre raised grad- 


Castls, '95, p. 






iially. From a pool 
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kept warm by boiler 








wa8te 




VorticellidaB 


41° to 42° 




SCHULTZB, '63, p. 
49 


Culenterata, 








Actinia 


38° 


Oradiially raised (1 
hour) 


Fbbnzbl, '86, p. 
4&I 




^^s^ 


Beroe ovatus 


40° 


Death point, 8addeiily 


DB VABiamr, '87, 






subjected 


p. 63 


Mollusca. 








Various Mollusca 


30° to 40° 


8addeDly immened 


Frenzel, '86, p. 
461-166 


Pleurobranchsea 


33° 


Temp. gradually raised 


(« <i 


Apljsia 


33° 


Died in 3 houn 


(1 «1 


Eledoue 


35° 
37° 


Died 
Heat-rigor;diedat41° 


«( «1 


Youug8qiiid8 


Bbrt, '67, p. 135 


Vermes. 








Tarbellaria 


44.5° 


Death point 


SCHULTZB, '63, p. 

49 
Spallanzani, 






1 


AnguillulidsB 


44JS° 


4< «1 1 


1787, Tom. I.« p. 66 
SCHULTZR, '63, p. 






1 49 


Rotifera 1 
TanligradaJ 


45° to 48° 


Moist 


Dotžbb, '42, p. 29 


98° 


Dried 


BROCA,*61,p.44-46 


Diupatra 


40° 


Suddenly immersed, 
died quiekly ; at :K)- 


Frenzkl, '86, pp. 
461-4A5 










lived indefinitely 




Terebella 


27^*10 30° 


Suddenly heated ; 
slow]y warnied, re- 


(1 K 


^b %/ ■ %^ m^\^MMmK ■#■■■■•■• 










sisted 30' 




NiiiilidaD 


44.5° 
44^ 


Death point 


Sl^HULTZR, '63, p. 


*• Bloodsucker " 


49 

SlMLLANZANI, 








1777, Tom. I, p. 56 


Cnistacea. 








Daphnia sima 


33.6° 


Snddenly sabjected 


PLATBAU.72,p.316 


Cyclons quadricomi8 1 
Cypris fu«*a J 


36° 


t« (« 


.. 31J 


Gaiuiiiarus nVselii 


36° 


«4 M 


• 316 


Asellus aquaticu8 


43JJ° 


«. <( 


• 316 
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SpEcm. 


Mazdiuii 

tsmpskatubb. 


CoKDinoMS or 

EZPBBIMKNT. 


AuTHOBrrr. 


Palsomon 


260 C. 
30O 

36° 1 

380 

36° 

34° 

38° 

38° J 

38.6° 
46.2° 

27° 

38° 1 

39° 

40° 

42° 

42° 

44° to 45° 

37.6° 
42.5° 
43.7° 
42.5° 
42.5° 
43.7° 

30° 
30° to 40° 

40° 
36° 
330 


Died in 2 hours (sud- 
denly subjected) 

Died in 1 hour (sud- 
denly subjected) 

Death point 

Suddenly subjected 
Submerged (?) 

Suddenly subjected ; 
died slowly. At 36° 
died at once 

Death point 

Death point 

Died rapidly (sud- 
denly subjected) 

Died in several hours 
(suddenly subjected) 

Survived only a £ew 

seconds 
In pond out of doors. 

Temperature elevated 
gradually 


Fbbnzel, '85, p. 
463 


Scvllaris 


Pagurus prideauxii .... 
Dromia vulfiraris 




Pisa firibbosa 


DE Varight *87* 


PortunuA piibcr 


p. 173 


Carcinns sd 


Oraosus sd 




Arachnida. 
•Argyroiieta aqaatica . . . 

Hydrachna cruenta . . . . 

Insecta. 
Podura 


Plateau, 72, p. 
316 

NlCOLET, '42, p. 11 

Platbau, 72, p. 
316 


Agabas bipustulatai 
Hydaticus traasven 
Culex pipiens, larva 
Hydrophilus carabo 
Hydroporus dorsalit 
Ncpa cinerea 
Notonecta glauca 
Gioc diptera, larva 
Musca vom. ( ?) . . 


3 . . . 
»lis . 

• • • 

ides . 
1 . . . 

» . • . 


Musca vom., larva .... 
Musca vom., pupa .... 
Silk worm larva 


Spallanzani, 1787. 
Tom. I, pp. 56-58 


" Butterfly " larva .... 
Culez larva 


Echinodermata. 
Antedon 


Fbenzbl, '85, pp. 
460-463 


Holothuria 


Vertehrata. 
MaDy f resh-water fishes . 

Fiah 


Edward8, '24, p. 

114 
Knauthe, '95, p. 

752 
Bert, '76, p. 169 

Davy, '63, p. 125 

• 




27° to 38° 
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SPBcm. 



Hippocampus 



Salamaoder 



Frog 



Frog, adolt (summer) . 



Frog, adult . . 
Frogi tadpoles 
Rabbit 1 



I>og 
Man 



Human spennatozoa . . . 



Vertebrate muscle .... 



Vertebrate moscle (frog) 



Mazimum 

TSMPBBATirBB. 



30«>C. 
440 

40° tO 42° 
42° to 43^ 

43.8° 

41° 

44° to 46° 

45° 

fiO° 

40^ to 50° 

45° to 50° 
35° 



COKDITIOSI* OF 
£XPSRIMEXT. 



Lived half an honr 
Death point 

Suddenly subjected in 
water ; death at once 

Death>rigor in 7 to 14 
minutes 



Raised in f rom 5 to 10 

minutes 
Death point when 

raised gradually ; 

convulsions at 42° 
Inwater; giddinessin 

a few seconds 
Died in 10 minutes 



Raised in 30 seeonds 
Raised in 18 minutes 



AUTHORITT. 



Frbnzel, '85, p. 

462 
Spallanzani, 

1787,Tom.I,p.5« 
Edwards, *24, p. 

374 

MOBIOGIA, '91, p. 

385 
Spaxlanzani, 

1787, p. 65 
Seep. 253 

Obbrnibr, '66, p. 
22 

Edward8, '24, p. 

374 
Mantkoazza, '66, 

p. 186 
KtHNB, '59, pp. 

7M-8D4 

GOTSCHLICH, 'ai, 

p. 123 



The determinations given in the above table may be compared 
only with eaution, for diverse conditions give results which 
cannot be directly correlated. Thus individuals of the same 
species, but reared under diverse environment, have a different 
resistanee period to heat. The lethal temperature varies accord- 
ing as the organisms are suddenly or gradually subjected to the 
high temperature. Also, the individuals of the same species 
will die at different temperatures according as they are rap- 
idly subjected to the high temperature or gradually aceus- 
tomed to it, and, as we have seen, a lower temperature, long 
eontinued, often produces the same result as a higher tempera- 
ture during a brief period. Finally, too little čare has been 
CKercised in most cases to determine the temperature of the 
wat€r immediately upon, and a few minutes after, placing the 
animals in it, — an operation which lowerfl the temperature 
of the water. In the experiments cit^d, unless other\vise 
stated, the conditions were gradual subjection eontinued for 
a short time oiily. The quality of the water in which the 
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experiment8 were carried on is supposed to be, except for its 
temperature, normal for the species. Suminarizing the table, 
we find that the Protista have the highest maximum tempera- 
ture of any group, it being in extreme cases about 60° for aetive 
organisms, but generallj between 40° and 45°. Among the 
Metazoa, the highest maxima recorded (excepting Rotifera and 
Tardigrada) are 44° to 45° for Turbellaria, Anguillula, Naididce, 
Nepa (water-scorpion), Notoneeta (water-boatman), Cloe hirva, 
Salaraander, and mammals. A water-mite (Hydrachna) is 
said to have with8tood up to 46.2°, and some vertebrate tissues 
resist up to 50°. For the great majority of Metazoa, the maxi- 
mum temperature lies below 45° and, in the čase of marine 
species, below 40°. The low maxiraum temperature of marine 
species is probablj due to the low maximum temperature of 
the sea as compared with ponds. We may consequently con- 
clude from the foregoing that the maximum temperature for 
protoplasm lies generally between 35° and 50°, the lower limit 
being characteristic of organisms living in a medium of low 
temperature (the sea), the latter, of organisms reared in warm 
pools or of organs (vertebrate muscle) in a body kept at a high 
temperature. 

The question now arises, what is the cause of the death of 
protoplasm at high temperatures? To get some insight into 
this matter, let us examine tlie phenomena accompanying death 
of protoplasm from overheating. Kuhne ('04, p. 44) thus 
describes the appearance of an Amceba subjected for a moment 
to a fatal temperature (45°). The structure is entirely altered 
since it has become transformed into a mass of knobbed, opal- 
escent, solid lumps, which, even in transferring to the slide, 
become ea8ily broken apart. This appearance is clearly due 
to a coagulation of the protoplasm. A similar coagulation 
takes plače in Actinophrys eichhornii (Kuhne, 'G4, p. 67) at 
45°. '" The sphere shrinks into a flat, hardly transparent, cake, 
no longer rcacts to the strongest induction shocks, and breaks 
up after 24 hours into a heap of small granules and irregular 
pieces." Likewise, in muscles a change is produeed by heat 
which is evidently a kind of coagulation. A coagulation tlien 
seems to be the immediate cause of death at high temperatures. 

But just what is the component of protoplasm \vhich co- 
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agulates at the death point of organisms? As Kuilne ('64, 
p. 1) pointed out, it caiinot be ordinary egg albumen ; for, 
excepting the contractile substance, we know of no native 
albumen which coagulates between 35° and 50° C. It wa8 
Kuhne'8 great service to show that there is a substance which 
can be pressed out of frozen, triturated, and then tliawed 
muscle, which becomes quickly opalescent at 40°, through the 
separation of the muscle plasma into myosin and a serum. 
This serum, in turn, contains an albuminoid which coagulates 
at 47° (Demant, 79 and '80). Now, since there are proteids 
in muscle which coagulate at about the point at which muscle 
goes into permanent heat-rigor, and since these proteids can 
no longer be squeezed out of rigid muscles, the conclusion 
seems justified that permanent heat-rigor in muscle is due to 
the coagulation of these proteids. 

Related, easily coagulable proteids occur in widely dissimilar 
organisms. For example, myo8in has been found in vegetable 
protoplasm (Weyl, 77, p. 96), and Halliburton ('88) lias 
described a globulin from blood corpuscles which coagulates 
at 48° to 50°. Their distribution in protoplasm is, therefore, 
probably general, and so we are justified in concluding that the 
death of protoplasm by heat is, in general, the result of the 
coagulation of a proteid (globulin). Death occurs because 
the vital machinery has been broken down.* 

2. Temporary Rigor and Death at the Lower Limit of Tem- 
perature. Minimum and Ultraminimum. — Whilst towar(ls the 
upper limit of ordinary terrestrial temperatures (35° to 40° C.) 
molecular changes in organic compounds are hastened, towards 
the lower limits (— 40° to — 50°) molecular changes aru sl()w, 
being principally confined to the transformation from the litiuid 
or gaseous to the solid or liquid condition. This transforma- 
tion does occur in the water of protoplasm, but the colKiids, 

* At tbis plače reference niay be made to the fact that protoplasm su))j(rte<l 
to a high temperature sometimes breaka to pieces with the sudiiennosH and ooiii- 
pleteness of an erplosion. Thus Strasdurger ('78, p. Gll) found that Chilo- 
monas curvata wa8 uniformly killed at 45'^ C. by the explo8ion of the b^nlv, nnd 
Dr. W. K. Cabtle tells me tbat he has observed the same phenomonon under 
like conditions in Stentor. An investif^ation of this profound changc in pro- 
toplasm would be sore to throw valuablo light upon the nature of the living 
substance. 
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which constitute the living part, are not modified by even the 
lowest of the terrestrial temperatures, exeept that the molecular 
changes which they undergo are verj slow. This being true, 
protoplasm which contains no water, or very little, ought not to 
be changed by low temperatures, — that is to say, the machhie 
will not be injured. 

With the activities of the machine — with the vital processes 
— it is, however, quite different. They are essentially chemical 
processes, and hence we should expect them to be diminished 
at a low temperature. If, as Pictet ('93) maintains from an 
extensive and highly important series of experiments, no chemi- 
cal processes take plače at temperatures below — 100° C, then 
protoplasm ought to exhibit no vital processes at this tempera- 
ture, and, indeed, experience shows that, as we have already 
seen, as the temperature is lowered below the optimum, ali 
manifestations of activity diminish. It is clear that at a certain 
point they must entirely cease. And at that point death^ 
following the usual definition of the word, would ensue. 

But does the cessation of the vital processes, without injury 
to the mechanism, necessarily preclude the possibility of a 
return to activity ? Let us examine the experimental evidence 
on this point. Schumacher ('74, p. 179) subjected yeast to 
cold and found that, at the lowest temperature produced 
(— 113.7°), the yeast cells were not completely killed. More 
recently, Pictet ('93*, cf. also C. de Candolle, '84) has sub- 
mitted various dry seeds and spores of bacteria to a temperature 
of nearly — 200°, at which temperature the atmosphere becomes 
liquefied, but without fatal effects. Other results were stili 
more remarkable : vibratile cilia from the mouth of the f rog 
were cooled to — 90°, and recovered their movement upon 
raising the temperature. Some Rotifera and Infusoria were 
f rožen in their native water at — 60°, and kept at that tem- 
perature, apparently, for nearly 24 hours. Most have subse- 
quently regained their activity. Eggs of the frog, lowered 
slowly to — 60°, can revive. Eggs of the silk-worm can resist 
to —40°. Other experiments of Pictet* will be referred to 

* This general criticism of Pictet^ s paper is, I believe, valid. He does not 
give os data enough upon tirne of subjection to the low temperature, tirne em- 
ployed in reducing the temperature, and other details. Thus, conceming his 
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later. As a result of these and others' investigations we may 
conclude : Protoplasm may under certain circumstances, of 
Avbich one of the most important is the absence of water, resist, 
iininjured, the lowest temperatures. There is nofatal minimum 
temperature for dry protoplasm. 

We must now turn our attention to those cases in which the 
phenomena of cessation of activity or death appear, and seek 
to determine their causes ; and first concerning temporary 
cold-rigor. We have already seen that as the temperature is 
lo\vered, the rate of metabolic processes and protoplasmic 
movements is lowered. What happens at the lower limit of 
activity, and where does this lie? The ehlorophyll granules 
of Vallesneria move (according to Velten) only about 1 mm. 
per minute at 1° C. and not at ali at 0°; the rotation of Nitella 
ceases (Nageli, '60, p. 77) at 0°C.; in Tradescantia hairs, 
movement is wholly arrested on freezing the celi sap (Kuhne, 
'64, p. 100, and Demook, '94, p. 194). Even in seeds and 
bacteria, which are not killed by the lowest temperatures, ali 
vital activities have probably ceased at 0°, for de Candolle 
('65) found that in only one species out of ten could he get a 
seed kept at 0° to germinate, and even then germination was so 
retarded that it took from 11 to 17 days as opposed to 4 day8 
at 5.7°. Likewise, bacteria do not multiply below H- 5° to 
H- 10° (BoNARDi and Gerosa, '89). Among animals, KtiHNE 
('64, p. 46) found Amoeba cooled to near 0° almost motionless. 
PuKKiNJE and Valentin ('35) first noticed that the ciliated 

experiment8 on Scolopendra, he merely sajrs : ** I have f rožen to — 40° three 
Scolopendras which perfectly resisted the treatment and lived after thawing out. 
Subniitted to — 60°, they have also resisted. Frozen a third tirne to — 90°, they 
are ali three dead.^' Now, in the absence of further data, it is quite possible 
that the heat of metabolism kept the intemal body temperature considerablj 
above that of the chamber, the thick cuticula preventing rapid loss of heat, very 
much as a man^s clothing enables him to withstand the — 40^ of an arctic winter. 
Anotlier experiment of Pictet'8 lends greater probability to this explanatiun of 
some cases of great resistance. Three snails were subjected to a temperature of 
from — 110° to — 120° during several days. The operculum of two of these wa8 
not intact, so that it did not close the orifice. These two individuala died ; but 
the third, which was completely sealed up, survived. Those which were not 
sufficiently clad, so to speak, lost so much internal heat that their internal Huids 
wt're frozen. Of course this criticism cannot apply in the čase of those organ- 
isms mentioned in the text which are without a thick cuticula. 
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epithelium of the frog ceased its movements at 0°. Muscles 
of the frog were found by Kuhne ('64, p. 3) to become at 
— 3° to — 7^ a solid lump which did not, however, wholly lack 
irritabilitj. The evidence of ali these cases shows that activity 
nearly ceases in protoplasm at or near 0° C. 

Another effect produced on protoplasm by cold — an effect 
which often immediately precedes quiescence — is violent con- 
traetion. This has been repeatedly observed. The protoplasm 
of Tradescantia hairs, which has been in cold-rigor, was found 
by Kuhne ('64, p. 101) to lie in separated rounded drops and 
lumps, — an appearance like that resulting from excessive stimu- 
lation. The rapid freezing of muscle gives rise, aceording to 
Hermann ('71, p. 189), to violent contractions. The sciatic 
nerve of the f rog's leg when cooled to — 4^ to — 8° causes clonic 
contractions of the muscle, lasting two minutes. (Affana- 
SIEFF, '65, p. 678, and others.) It is clear, then, that cold acts 
as a violent stimulus to protoplasm. 

The final result of temporary rigor is thus clearly brought 
about by the cooperation of two causes : (1) the diminution in 
the chemical processes upon which metabolism and movement 
depend, and (2) the directly stimulating effect of the cold, 
which acts like contact or excessive heat. Both causes work 
to produce a quiescence which may be replaced by activity 
when the causes are withdrawn. 

The fact that cold-rigor U8ually occurs close to the zero- 
point indicates that the activities of protoplasm are closely 
determined by the fluid state of water. This fact is not to be 
explained on the ground that freezing prohibits aH chemical 
change — many chemical changes take plače below the freez- 
ing point of water, but, apparently, few of those which are 
involved in metabolism. Nor is the rigor due to the change 
which the freezing of the protoplasmic fluids brings, because 
as the temperature approaches the zero-point, but while the 
water is stili perfectly fluid, metabolism diminishes ; and it 
diminishes at such a rate as to cease just where water begins to 
freeze. The critical point for vital activity has been adjusted 
to this critical point of water. 

So, too, the composition of protoplasm is such that at a tem- 
perature, lying below the normal and above the freezing point 
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of water, those chemical changes rapidljr occur which we desig- 
nate response to the stimulus of cold. This composition of 
protoplasm, upon which cold can work such important modifi- 
cations, is a quality of immense importance in the economy of 
the orgauism, as the changes of each autumn testifj. 

Below the point of temporarj cold-rigor lies that of death, 
if death point there be. The position of the death point is, 
however, very diverse in different org^nisms. Part of the 
diversitjr in the death points assigned by different authors is, 
however, due to the fact that in the methods of determining 
the death points there has been a lack of uniformitj. 

Five elements ought alway8 to be regarded in experiments 
on the ultraminimum temperature. (1) History of the tem- 
perature conditions in which the individual or its race had 
lived before experimentation ; (2) rate at which the organ- 
ism has been cooled, — if possible, the temperature of the 
organism itself rather than that of the medium ; (3) inten- 
sity of cold just sufficient to kili; (4) duration of applica- 
tion of the cold and the kind of medium in which the 
organism is subjected to the cold ; * and (5) the rate of 
thawing out.f These elements ha ve been too much neg- 
lected in the past. 

I shall now present in tabular form some of the more 
reliable determinations of the death point of organisms, pref- 
acing with the caution that the results are not closely 
comparable. 

* The duration of application and intensitj of the fatal cold stand in an 
inverse relation, so that organisms which resist a temperature — ^4^ for X min- 
utes will resist a lower temperature, —(A -\- a)°, for a shorter time, X — x. 
Thus, Clepsine complana resists — S^^C. for 16 minutes ; — 6° C. for 90 minutes. 
So Planorbis comeus resists — 7'^ for 6 hours, but — 6° for 48 bours. Again, 
Musca domestica can resist — 12*^ for 5 minutes ; — 8^ for 20 minutes ; and 

— 5° C, for 40 minutes. (Roedel, '86.) Since many authors have little re- 
garded the duration of action of the cold, their determinations have little 
scientific value. 

t The importance of this is illustrated by some exporlments of Sachs 
('60, p. 177), who found that the leaves of the beet or cabbage frozen at from 

- 4"* to - 6° died if they were thawed in air at 2° or S*', or in water at 6^ to 
10^ ; but lived when 8l<)\vly thawed in water at 0°. In general, the more gradual 
the thawing, the lower the fatal temperature. 
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TABLE XX* 
Determikatioks of THE Ultraminimum of Oroanisms Bbared ukder 

NORMAL CONDITIOK8 





MurmuM 


COMDmOKS 




SPBcm. 


TSMPKKATUKB. 


OF K"«»««rifinirr, 


AUTHOEtTV. 








Plant cells. 








Tradescantia 


— 140 + 


In water» rapidlj 

frozen 
In air, rapidly fro- 




Haircells 


— 14° — 


KUHKB, *6it p. 100 






zen 




8wann-«pore8 


- 1° 


Fully frozen, caatious- 


Strasburoeb, 78, 






ly thawed 


p. 612 


8warm-6pores (Proto- 






CoHN, '50, p. 720 


coccus) 


O°to-1° 






Protozoa. 








AmmhA. 


0° — 


Rapidly frozen on 
slide over ice and 


KuHNE/64,pp.4&47 










salt 




Animal tissues. 








White blood corpuscles : 










r-2oto-3° 

1 - 7° 


DuringShours; warm- 


SCHEKK, '69, p. 26 


of Amphibia 


ed rapidly 
For a short tirne; 


1« «< 26 




1 


warmed rapidly 




of rabbit 


- 3^ 


During 15 minates 


<t •< 26 


Šaliva corpuscle .... 


-6° to -8° 


Over 60 minutes 


•♦ 27 


Red blood corpuscle . 


-15° + 




POUCHBT, *66, p. 18 


Spermatozoa : 








of Amphibia 


-4° to -7° 




SCHENK, '69, p. 29 


of Mammalia .... 


- 6°- 


Retumed to activity 
on thawing 


.. 30 


of f rog 


- 8°to-10°- 


Frozen in testis 


Prevost, »40. 


of f rog 


-10°to-12° 




QUATRBFAOE8, '53, 

p. 353 


of roan 


-17° 


Gradaally tliawed 


Manteoazza, '66, p. 
183 


Eggs of Amphibia . . . 


- 7° 


Dnring 1 hour 


SCHENK, '69, p. 28 




r - 6° 


Subjected a very short 


RoTH, '66, p. 189 


Ciliated epithelinm of 




tirne 




Anodonta 


- 3° 


Subjected during 6 


" 189 




- 


minutes 





* Temperatures ali in degrees Centigrade. — before a number indicates below 
zero, — or + after a number indicates that the true lethal temperature lay 
8lightly below or above tbat number. {A) indicates that the organism wa8 in air ; 
( TT) , in water. 
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MiMUfirii 


COVDITIOIIS 




SPKcrat. 






AVTHOUTT« 




Tkmpbbatprk. 


Or £XPKSUIK]«T. 




Platyhelminths. 








DendrocoBlam lacteum 


O°to-P 


Siiddeiily or gradiiaUy 
»ubjected, tiU ice 
forma 


ROKDKL, '86, p. 207 


MoiluBca. 








Helix hispida 


- 8^ 


During 30 minutes 


" 191 


Helix pomatia 


-10^ 


During 000 minutes 


" " 192 


Helix pomatia 


(_14o to -18^)4- 


Gradiially frozen for 
180 minates, and 
then thawed 


PoucHBT, '66, p. 28 


Helix hortensis .... 


(-14° to -18°)+ 


During 180 minutes 


«< <i 


Helix aspera 


(_14oto-18°)+ 


" 180 


(( « 


Planorbis 


- 7° 


" 300 " (A) 


RoKDKL, '86, p. 212 


Limniea 


- 7«^ 


" 180 *' {A?) 


" 212 


Polmonate embryos . 


0' to - P 


" Diod upon freedng " 
(IT and J) 


** " 212 


Liiiiax 


— 17°+ 


During 2 bours (A) 


PoucHBT, '66, p. 26 


Annelida. 


* • 1 


Aulastomum gulo . . . 


2^ 


During 12 to 15 hours 


RoBDBL, '86, p. 206 


Clepsine complanata . 


- 5° 


During 90 minutes( W) 


" 213 


"Leech" 


- 6° 


" *' some min- 
utes" {W) 


DOKNHOFF, '72, p. 725 


Insecta. 








Apis mellifica 


-1.5^ 


During 210 minutes 


RoKDBL, '86, p. 212 


Apis mellifica 


-1.5^ 


" a few minutes 


I>OENHOFP,72, p. 724 


Formica rafa 


-1.5^ 


*' 180 minutes 


RoEDEL, '86, p. 196 


Pelopesns (chrysali8) . 


-28^- 


Out-of-<loor8, with- 
stood this tempera- 
ture 


Wtma», '66, p. 157 


Lema sp 


— 6=* 


During 30 minutes 


RttKDKL, '86, p. 197 
•* 197 


Piederus riparins . . . 


- 4^ 


PhytoDomii8 sp 


- 12^ 


" 90 


" 197 


MeloIoDtha 


-18^ + 


" 120 " (A) 


PoucHET, '66. p. 26 


Melolontha Oar^ft) • • 


-15^ + 


•* 180 ** {A) 


" 26 


Cetonia 1 
Hydrophilii8 i 


-17^ + 


" 120 " {A) 


.. 26 


Dyti8cu8 


- 4^ 


" fiO *• {A) 


K(>CH8, *90, p. 682 


Vanessa cardai. larva 


-ir»' 


" 000 *' 


RoEDEL, '86, p. 212 


Vanessa io, larva . . . 


-17^ + 


•• 120 


PorcHET, •66. p. 27 


Smerinthas ptipuli . . 


-10^ 


'* 150 


RuKDEL, '86, p. 212 


Ocneria dispar 


- 4' 


•• 30 


** '* 212 


Culex pipiens, lar\'a . 


- 4' 


" eo 


« «« 212 


Musca 


-6Mo-10° 


•• 180 •« 


DoE!iHOFP,'72, p. 726 


Muscadom 


- fi^ 


" 20 


IU>EDEL, *8i>. p. 201 


Varioas insects .... 


Oo 


** 2 to 30 minutes 


Plateau, 72, p. 9« 






(on ice) 
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Spscns. 


Minimum 

TUCPBBATUBK. 


01 


Ck)KDITIONS 

" Ekpbkimkmt. 


AuTHORmr. 


Arachnida, 










Phalan^am opilio . . 


- 9° 


Daring 60 minutes 


ROEDBL, '86, p. 201 


Tegenaria domestica . 


- 6° 


<i 


60 


•' 201 


Argyroneta aquatica . 


- 4° 


t( 


180 


" 201 


Hydracbna cruenta . . 


- 4° 


II 


30 


«* " 201 


•* Spider " 


-2°to-3® 


ti 


480 " 


DoENHorF,'72, p. 724 


Crustacea. 










Cyclops qaadricornu8 . 


OP 


tt 


1 "(TT) 


Plateau, 72, p. 300 


Cyclops spirillum . . . 


- ep 


tt 


120 "(TT) 


ROEDEL, '86, p. 201 


Daphnia palez ...'.. 


OP 




(W^){ 


" 201 
Plateau, '72, p. 300 


Oammarus palex . . . 


OP 


II 


30 **{W) 


RoBDEL, '86, p. 205 


Asellas aqiiaticus . . . 


OP 




(Tr)| 


Plateau, '72, p. 299 
RoEDEL, '86, p. 205 


Astacufl fluviatilns . . 


-11J5« 


I« 


aday {A) 


PoucHET, '66, p. 32 


Vertebrata. 










Rana escalata 


-4® to -10° 


I« 


180 minntes {A) 


u 19 



Summarizing these conditions, we find that the following 
organisms, even when thawed out carefiilly, are killed by sub- 
jecting to a temperature of between 0° and — 6° for GO minutes: 
Amoeba, swarm-spores, white blood eorpuscles of Amphibia, 
planarians, pulmonate embryos, small leeches, certain entomos- 
tracans, and some insects and spiders. These organisms are ali 
either soft bodied or of small size, and, excepting animals which, 
like the bees, live in protected situations, they do not winter 
over in our northern temperate countries. The following 
species, on the other hand, resist — 10° for at least 60 minutes : 
some snails (possibly), the beetles Melolontha (perhaps) and 
Phytonomus, the Vanessa larva, Pelopseus chrysalis, and the 
cra3rfish, — aH protected by a thick covering, or of rather large 
size. The reason why large size and thick covering should 
increase resistance is not far to seek, — both conditions tend 
to prevent the rapid loss of heat, — to def end the body f rom 
f reezing through and through. 

Another cause of variation in resistance to cold is, doubtless, 
the amount of water in the protoplasm. I have already referred 
to this cause as explaining the fact that dry seeds and spores 
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can withstan(l alinost any temperature.* Muller-Thurgau 
('80) found that the "succulent labelliim of Phajus freezes at 
— 0.56^ C; the succulent leaf of Sempervivum, at —0.7°; 
the potato tuber, at — 1® ; the leaf of Tradescantia mt5xicana, 
at — 1.16° ; the ivy leaf, at — 1.5°; the leaves of Pinus austri- 
aca, at — 3.5°; young shoots of Thujopsis, at — 4°." (Vines.) 
In this series of plant tissues, we see that the more succulent 
the tissue, the higher its ultraminimum. Possibly the reason 
why spermatozoa have so low an ultramaximum, despite their 
small size, is on account of the denseness of their protoplasm. 

Not aH variations in ultraminimum temperature are, however, 
explicable upon the ground of difference in size, body-covering, 
or density of plasm. The interpretation of the difference in 
sensitiveness to cold of the honey bee (Apis melifica) and the 
red ant (Formica rufa), between Bombyx on the one hand and 
Smerinthus and Vanessa on the other, must wait for further 
knowledge. 

The question now arises, what is the cause of death in organ- 
isms and protoplasm which succumb to low temperatures ? 
With the higher animals the immediate cause is doubtless in 
part asphyxia resulting from a stoppage in the flowing of the 
frozen blood plasma, and in part the destruction of the red 
blood corpuscles, as well as the white.f With the simpler 
organisms, like planarians, Protozoa, or Tradescantia hair-cells 
the čase is different. An insight into the changes which pro- 
duce death in such organisms may be g^ined from Kuhne'8 
('64, p. 101) description of the effect of a temperature of — 14° 
on Tradescantia hair-cells. The frozen hairs were placed in 
water and observed under the microscope. " The appearance," 

* Striking cases are on record of the resistance of gemmules, or ** animal 
spores/' to cold. Thus, Weltner ('93, p. 276) 8aw gemmules of SpongiUa 
fragilis frozen in an aquarium from December 26 to January 24, from the end 
of January to Febniarj' 5, from February 20 to March 6, and from March 12 
to 24 ; the intervals being occupied by Uiawings. Vet these gemmules produced 
young sponges. In other cases, a certain amount of freezing favors the subse- 
quent development of gemmules, e.g. those of fresh-water Bryozoa (Brakm, *00, 
p. 83) and the eggs of the 8ilk-worm (Di:cLArx, '71). 

t PoucnET ('66, p. 18) found that when blood of the frog was let fall into a 
capsule at a temperature of — lo'' few of the red corpuscles were uninjured. In 
most the nuclei had been čast out into the plasma. 
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8ay8 KiJHNE, "wa8 very remarkable, for there wa8 no trace of 
the protojJasmic network; but the Adolet cavitj of the celi con- 
taiued, in addition to the naked nueleus, a larg^ number of 
separate round drops and Inmps.'' In this ease, the separate 
pieces eventualljr became active again, so that the protoplasm, 
though nearly killed, was not quite so. 

The phenomena seen by Kuhne so elosely resemble those 
produced in the same kind of eells by the galvanic corrent and 
other strong irritants as to indicate that cold aets as an intense 
irritant. We cannot, however, conclude that cold acts in no 
other way. It is clear that the expansion of forming ice in the 
vacuoles of the protoplasm must serioiisly disturb the structure, 
and, since the whole matter has received little attention, it is 
possible that a molecular ehange of some sort takes plače when 
there is much water in the freezing protoplasm. To summarize: 
Death by freezing results in the higher animals laTgely from 
asphyxia, and in the simpler organisms from excessiye irritation, 
mechanical rupture, and, perhaps, other causes. 

I shall now sum up this seetion on the effect of extreme8 of 
heat and cold. As the temperature is elevated above the opti- 
mum, molecular changes occur in the protoplasm leading to its 
contraction. The contraction becomes more violent as the tem- 
perature is stili raised, until, finally, a new series of molecular 
changes occur by which the protoplasm begins to coagulate. 
At this point the protoplasm begins to lose its irritabiKty. If 
this process has not proceeded far, the vital activities may, 
under favorable conditions, returu (temporary heat-rigor). 
lieyond a certain point (death point) recovery is impossible. 
The death point varies with the species, but lies not far from 
the maximum natural temperature attained by the medium in 
which they live. On the other hand, as the temperature is 
diniinished from the optimum, the chemical processes of 
metabolisin decrease in vigor and come to a standstill at about 
the freezing point of water. Violent contractions accompanj 
the cooling process, concomitantly with which the protoplasm 
breaks down. From this condition of temporary cold-rigor 
recovery is stili possible; but a little below, at a point dependent 
upon the size of the body and the diathermous qualitie8 of its 
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covering, the water of the body begins to f reeze, and in that 
process, or the subsequent thawings, the protoplasm undergoes 
a (partljr mechanical) ehange resulting in death. If the body, 
however, contains no water, freezing cannot kili it. 

Thus the effect of high temperatures is principalljr ehemieal, 
involving the living plasma ; that of low temperatures is prin- 
cipalljr mechanical, involving the water of the body. Both 
raising and lowering the temperature act also as irritants.* 
Finally, the positions of the maximum and minimum stand in 
most intimate relation to the inorganic environment of the 
organism and have been molded to that environment. 



§ 4. ACCLIMATIZATION OF OrGANISMS TO EXTREME 

Temperatures 

The phenomena to be discussed in this section fall naturally 
into two subsections: (1) acclimatization to heat and (2) accli- 
matization to cold. They will be considered in that order. 

1. Acclimatization to Heat. — Our study of the maximum 
temperature which organisms reared under ordinary circum- 
stances can withstand, led us to the conclu^ion that few active 
organisms can resist a temperature of over 45°, and for whole 
groups like Coelenterata, marine Mollusca, and Crustacea, and 
the fishes, 40° is a point of death. Yet, on the other hand, it 
has long been known that there are organisms living in certain 
hot springs in waters of considerably higher temperature. I 
shall now give in tabular form some cases which I have 
coUected of organisms living at or above the normally lethal 
temperature. of the species.f 

* Whether sudden cbange of temperature has an especial effect upon the 
movemcnt of protoplasm is a disputed question, which has been answered posi- 
tively by Dctrochet ('37, p. 777) and Hofmbister ('67, p. 63) for Nitella, and 
DE Vkies (*70, p. 304) for root hairs of Hydrocharis, but has since, as a result 
of careful experimeuts, been denied by Veltnbr ('76, p. 214) for Nitella and 
other plant cells. 

t It is desirable that accnrate data conceming the temperature of organisms 
in hot springs should be made, and we have, in this country, unu8ually favorable 
conditions offercd for this study, especially in Arkansas, Califomia, and the 
YellowHtone National Park. It is to be hoped that persons who have had the 
proper training should, when contemplating a visit to hot springs, provide them- 
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TABLE XXI 

List of Speoieb Found in Hot Springs, with thb Conditionb undeb 

which they occur 









LocALmr and GoNDrrioir or 




No.* 


Spkous. 


Temp. C. 


Lire. 


AUTHORITV. 


1 


Cbroococcas 


51° to 57° 


BeDton's Hot Springs, Cal. 


WooD, 74. p. 34 


2 


Nostocs or Pro- 


93° 


Gey8ers, Tiake Co., Cal. ; not 


Brewer, '66, p. 391, 




tococcus 




abundant at this tem- 
perature 


also Wyman, '67, 
p. 155 


3 


Nostocs 


51° to 57° 


Benton's Hot Springs, Cal. 


WooD, 74, p. 34 


4 


Anabffina ther- 
malis 


57° 


Dax, warm springs 


Serres, '80, pp. 13-23 


5 


Leptothrix 


44° to 54° 


Garlsbad Springs 


CoHN, '62, p. 539 


6 


Oscillaria or 
" Ck)nferv8B " 


54° to 68° 


Yellowstone Nat. Park, 
U.S.A. 


Weed, '89, p. 399 


7 


«1 


54.4° 


Springs, Bemandino Sierra, 
Cal. 


Blake, '53, p. 83 

• 


8 


<« 


57° 


Algeria, Constantine prov- 
ince, waters of Hammam- 
Mesklioutin 


Gervais, '49, p. 12 


9 


it 


57° 


Hot Springs, Taupo, New 
Zealand 


Spbncbb, '83, p. 303 


10 


ri 


60° to 65° 


Geysers, Lake Co., Cal., 
U.S.A. 


Brewbr, '66, p. 392 


11 


(( 


60° to 65° 


Hot Springs, Ark., U.S.A. 
(Long) 


James, '23, H, p. 291 


12 


ti 


71° 


Hot Springs at BafSos Ln7x>n, 
Philippines 


Dana, '38-'42, p. 543 


13 


(4 


75.5° 


Soorujkoona Hot Springs 


Hooker, j. d. '55, 1, 
p. 24 


14 


<« 


81° to 85° 


Ischia 


EURENBBRO, '59, p. 

493. 


15 


<< 


98° 


Iceland 


Flourens, '46, p. 
934 


16 


H 


? 


Outlet of I^ake Fornas, 
Azores. 


Dter, '74, p. 324 



selves with a hand lens, bottles of alcohol for preserving organisms for f urther 
study, and an accurately calibrated tbermometer. A source of error to be 
guarded against lies in tbe precise determination of the temperature of the water 
immediately surrounding the organism observed; for in some warm springs or 
their outlets the surface water is said to be much warmer than the deeper layers 
in which the organisms are found. Finally, if possible, it would be desirable to 
deterraine on the spot, experimentally, the maximum temperature which these 
organisms can with8tand. For this determination some of the methods referred 
to on p. 220 should be used. 

* Notes on each of these cases will be found at the end of this chapter, pp. 
263-267. 
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LOCALITT A?rD CONDITION OP 




No. 


SpEcncs. 


Tkmp. C. 


LlFK. 


AuTHORrrv. 




Diatoms 




FrequeDtly associated with 
other algsB in hot springs 




17 


Physa acuta 


33° to 36= 


Sources of Daz, St. Pierre, 
France 


DURALEN, 73, p. iv 


18 


Paludina sp. 


50° 


Thermal water8, Abano, 
Padua 


DE Blainvillb, '24, 
p. 141 


19 


•*Bivalve testa- 
ceoos animal" 


? 


Hot Springs, Ark. 


MncHiLL, '06, p. 306 

• 


20 


Rotifera and An- 
guillulidffi 


44° to 54° 


Carlsbad Springs, Bohemia 


CoHN, '62, p. 639 


21 


Anguillolidse 


45= 


Aix, springs 


DE Sausburb, 1796, 
V, p. 13, § 1168 


22 


44 


81° 


Ischia, in hot springs 


Ehrbnberg, '69, p. 
494 


23 


Cypri8 balnearia 


45°to50Ji° 


Hammam-Meskhoutin 


MoNiEZ, '93, p. 140 


24 


Stratiomys larva 


69° 


In hot spring, Gunnison 
Co., Col. 


Grifffth, '82, p. 699 


25 


<( 


? 


In hot spring, Uinta Co., 
Wyo. 


Bruneb, '96 


26 


" Wat€r beetle " 


44.4° 


In warm spring, India; 
abundant 


HooKER, J. D. '56, p. 
24 


27 


4( 


? 


Hot spring, Port Moller, 
Alaska 


Dall, W. h. (per- 
sonal letter) 


28 


Barbels 


34° 


? 


Bert, *77, p. 169 


29 


Frogs 


38° 


" Baths of the Piše " 


Spallanzani, 1787, 
Tom. I, p. 56 



To suramarize : Protista are stated to have been found in 
nature in \vater at temperatures far above 60° C. The most 
striking cases are of Oscillaria and " Conferva " f rom several 
localities, which resist nearly up to the boiling point of water. 
The closely allied Nostocs are, perhaps, next most abundant 
and resistant, reaching 93° (possibly Protococcus) in the Cali- 
fornia gevsers. Metazoa are stated to live at temperatures 
far above 45°. Altliougli some doubt has been čast on No. 22 
by Hoppe-Seyler's inability to contirm Ehiienbeug's observa- 
tions, the čase seems establislied of Cypris thriving at 45° to 
50.5°. Very extraordinary are the observations Nos. 24 and 
25 on Stratiomys larvje, which, hovvever, are siidlv in need of 
confirmation by competent observers. Leaving out of account, 
for tlie moment, the less well establislied cases, tliere stili 
remains abundant evidence that organisms can live and thrive 
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in hot springs at a temperature near or above that whieh proves 
fatal to their close allies. 

No one doubts that in aH the cases cited above the individuals 
living in hot springs have been derived from ancestors which 
lived in water \vhose temperature rarely exceede(l 40° C. The 
race has therefore become aeelimatized, and the que8tion arises : 
How has that acelimatization been effected ? 

Now experiments have 8hown that organisms, when gradually 
accustomed thereto, may resist a temperature which would have 
killed them if they had been suddenly subjeeted to it. There- 
fore it seems probable that the acelimatization of organisms to 
hot springs has been a 8low, long-continued process, during 
which they have become gradually accustomed to higher and 
higher temperatures, probably attaining the hot springs by 
slowly advancing up their eflBuent streams. 

This adaptation may have taken plače without selection, 
purely by the capacity of individual adaptation which organ- 
isms possess. That individual adaptation is sufficient to account 
for the vitality of organisms in hot springs has been shown by 
€xperiment. Dutrochet ('37, p. 777) observed, long ago, 
that an organism which at first seemed injured by a high 
temperature gradually regained activity while stili subjeeted 
thereto. 

Thus, he found that the current of Nitella was at first diminished by 
raising it to 27® C, but it soon became rapid again ; raised, iiow, to 34°, the 
circulation began to fall off again, but in a quarter of an hour, the same 
temperature continuing, the circulation became very rapid. This phenome- 
non wa8 repeated, also, at 40°. Similarly, Hofmeister ('67, p. 53) brought 
Nitella fleiilis suddenlyfrom + 18.5° to + 5°C. The streaming movements 
ceased. After stajing 15 minutes in the cooler room, however, the rotation 
of protoplasm recovered. 

Much more important, however, are the remarkable experi- 
ments of Dallinger ('80). He kept Flagellata in a warm 
oven for many months. Beginning with a temperature of 
15.6° C, he employed the first four months in raising the tem- 
perature 5.5** ; this, however, was not necessary, since the rise 
to 21° can be made rapidly, but for success in higher tempera- 
tures it is best to proceed slo\vly from the beginning. When 
the temperature had been raised to 23°, the organisms began 
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dying, but soon ceased, and after two months, the temperature 
was raised half a degree more, and eventuallj to 25.5*^. Here 
the organisms began to succumb again, and it was neeessary 
repeatedly to lower the temperature slightlj, and then to 
advance it to 25.5°, until, after several week8, unfavorable 
appearanees ceased. For eight months, the temperature could 
not be raised from this 8tationary point a quarter of a degree 
without unfavorable appearanees. During several jears, pro- 
ceeding by 8low stages, Dallinger succeeded in rearing the 
organisms up to a temperature of 70** C, at which the experi- 
ment was ended by an accident. 

In this čase it is plain that the high temperature acted upon 
the same protoplasm at the end of the experiment as it did 
at the beginning. But while the protoplasm at the beginning 
of the experiment was killed at 23** C, at the end it withstood 
70**. It will be seen that, by gradual elevation of the tempera- 
ture, Flagellata may become acclimated to a temperature of 
water far above that which they can withstand when taken 
directly from out of doors, and approaching that of the hottest 
springs containing life. 

A series of experiments, less extensive than that of Dal- 
linger, was carried on by Dr. Castle and myself ('95, pp. 
236-240) upon the tadpoles of our common toad, Bufo lentigi- 
nosus. Recently laid eggs were divided into two lots : one 
lot wa8 kept in a warm oven at a constant temperature of 24° 
to 25°, others at about 15° C. Both lots developed normally, 
but the former much the more rapidly. At the end of 4 
weeks the point of heat-rigor was ascertained for each lot, by 
gradually heating (in from 5 to 10 minutes) the water contain- 
ing them, until the tadpoles showed no response to stinuilus, 
but, upon cooling, regained activity. The result was that the 
toad tadpoles had gained an increased capacity to heat. For 
when they were reared at a temperature of about 15° C, every 
tadpole went into heat-rigor at 41° C, or below; whereas, 
when they wei*e reared at 24° to 25°, a temperature 10° 
higher, no tadpole died under 43°, the average increase of 
resistance being 3.2°. This increased capacity of resistance 
was not produced by the dying ofif of the less resistant indi- 
viduals, for no deaths occurred in these experiments durii 
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the gradual elevation of the temperatures in the cultures. The 
increased resistance was due, therefore, to a change in the 
protoplasm of the individuals. 

The question now arose : In how far is this change in the 
protoplasm permanent? Will a return of the individuals to 
cool water canse a return to the old point of heat-rigor ? We 
raade a few experiments on this subject which 8howed that 
tadpoles which during 33 days in warm water have acquired 
an increased resistance of 3.2° lose part of that acquired resist- 
ance during 17 days' sojourn in cooler water. But the loss 
is a very 8low one. The eflfect of the high temperature on the 
tadpoles is not, therefore, transitorj, but persists — we have 
not been able to determine how long — af ter the cause has been 
removed. 

So we may conclude : Individual organisms have the capacity 
of becoming adapted to a high degree of temperature, so that a 
temperature which normally is fatal may be withstood. This 
adaptation of the individual accompanies the subjection of 
organisms to temperatures higher than those to which they 
have already become accustomed. This capacity exists among 
both Protozoa and Metazoa. The effect of the elevated tem- 
perature persists (though in diminished degree) a considerable 
time after the individual has been restored to a lower tempera- 
ture. 

Acclimatization may show itself not only in the change of 
the maximum temperature, but also in the elevation of the 
optimum. This is 8hown by the following experiments of 
Mendelssohn ('95, p. 19). When Paramecia are placed in a 
trougli who8e temperature is 24° to 28° at one end and 36° to 
38° at the other, they are found to coUect at the cooler end, 
which indicates that tlie temperature of that end lies nearer 
their optimum. If, ho\vever, the Paramecia, while uniformly 
distributed in the trough, are subjected to a uniform tempera- 
ture of 36° to 38° for from 4 to 6 hours, and then, in the same 
trough, to a temperature varying from 24° at one end to 36° at 
the other, they no longer coUect at the usual optimum of 24° to 
28°, but at 30° to 36°. Thus in 4 to 6 hours, by the action of 
a temperature of 36° to 38°, the optimum has been raised 6^ 
to 8°. 
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Since experiments liave proved the fact of acclimatization, it 
no\v remains to determine, if possible, its cause ; to ans\ver the 
que8tion, by virtue of what property can organisms which, like 
Flagellata, normally perish at 45° C. come to live at 70** or 
even higher temperatures ? We have seen that death at high 
temperatures is apparently due to coagulation of certain proteids 
in the protoplasm whieh undergo a cheraical change at between 
45° and 50° C. Now, although the matter has not yet been 
studied in these proteids, it has been 8hown for egg albumen 
that in proportion as it is dried its coagulation point rises, as 
the following table from Lewith ('90) shows : — 



Eoa Albumen. 



In aqueous solution 
With25%water 
With 18%water 
With 6 % water 
VVithout water 



COAOULATION TKMPKSATUmS. 



56° C. 

74'^ to 80° C. 

80° to 90° C. 

145° C. 

160° to 170° C. 



Since the coagulation point of egg albumen is raised by dry- 
ness, it is very probable that a similar cause may act to raise 
the coagulation point of protoplasm in organisms of hot springs. 
Experimental studies are much needed upon this point. Mean- 
while it can be said that one of the qualities which gives ca- 
pacity of resistance to high temperatures is dryness. I shall now 
cite some cases that I have collected, \vhich prove this point. 
It has been found that while moist yeast is killed at a tempera- 
ture below 60°, dry yeast may be heated to 100°,C. without 
losing its vitality (Schutzenberger, 79, p. 162). Damp 
uredo-spores are killed at 58.5° to 60° C, but drv ones with- 
stand up to 128° (Hoffman, '63); and dry spores of some 
molds up to 120° (Pasteur, '61, p. 81). According to Dal- 
LINGER ('80, pp. 11-14), the dry spores of various Flagellata 
are capable of withstanding a temperature from 10° to 27° C. 
higher than that \vhich these spores can resist in fluid. Accord- 
ing to DovŽKE ('42, p. 29), various animalcules (Rotifers, 
Tardigrades) \vhieh cannot in water w'ithstand a temperature 
of 50° C. may, after long drying, be heated in air to 120° C. 
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(rarelj to 125**) \vithout aH dying. The foregoing cases 8how 
clearly that increased resistance capacity is frequently gained 
by subjecting the protoplasm of the organism to dryness. 

But there are other conditions under which the living sub- 
stance shows extraordinary resistance capacity. In general, as 
is well known, the spores of organisms withstand higher tem- 
peratures than the motile stage, when both are in water. This 
rule holds f or many cases : The spores of some bacteria may be 
heated for a tirne above 100° C. without killing them, although 
their motile stage is killed by 50** to 52° (Lewith, '90). 
Dallinger and Drysdale (74, p. 101) and Dallinger 
('80, pp. 13, 14) have determined maximum temperatures for 
several Flagellata and their spores in water. While none in 
the motile stage could withstand a temperature higher than 61°, 
the spores in water withstood maximum temperatures varying 
between 65.5° and 131° for the different species. 

Have the high resistance capacity of dry protoplasm and that 
of spores a common cause ? Or, in other words, is the proto- 
plasm of spores especially f ree f rom water ? Many observations 
make it appear probable that this is so. 

Thus in the čase of bacteria, the protoplasm of the spore 
stage is optically denser and occupies less space than in the 
motile stage. (Cf. Lewith, '90.) 

In the čase of the ciliate Infusoria, the larger size of the 
protoplasmic mass makes the comparison of the condition of 
the protoplasm in the two stages easier. We glean the facts 
from BuTSCHLi ('89, pp. 1652-1654). As the process of encyst- 
ment proceeds, the contractile vacuole continues to function, 
the intervals between its contractions gradually increase, and 
finally it disappears some time after the encystment is com- 
pleted. Hand in hand with these changes goes a gradual con- 
densation of the protoplasm. This condensation BiJTSCHLi 
believes to be due to an excretion of water from the proto- 
plasm. 

In Actinosphaerium the change from the richly vacuolated 
motile form to the encvsted condition is even more marked. 
As Brauer ('94, p. 193) has 8hown, the protoplasmic mass 
becomes, during the process of encystment, smaller and denser. 
The loss of \vater from the protoplasm is without doubt due to 
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the continued activity of the contractile vacuole at a tirne when 
no fluids are being taken into the protoplasmic body. 

From the foregoing considerations it appears probable that 
one of the important characters of " spores " is the diminished 
amount of free water held in the protoplasm; or, in other 
words, its drjness. This dryness of the coagulable substance 
would seem to be cause of its higher resistance. 

So far the evidence seems complete. Whether, however, loss 
of \vater is the ultimate cause of the high resistance capacity 
of hot-spring organisms or of those gradually acclimatized is 
stili uncertain. Analogy renders it highly probable that such 
is the čase. 

2. Acclimatization to Cold. — Just as organisms may become 
acclimatized to high temperatures, so also may they live in very 
cold regions. I cite a few examples : Several species of Pro- 
tista are said to live in the Alps above the snow line, coloring 
the snow red. (Shuttleworth, '40.) A tardigrade is found 
in the same locality. Certain insects live on or in the snow or 
ice. Thus Desoria glacialis (or glacier flea) lives on the Swiss 
glaciers, and on the snow live Podura hiemalis, Trichocera 
brumalis (when the temperature is " below the freezing point," 
FiTCH, '46, p. 10), and other species of Trichocera and Podura. 
Cf. also Boreus hiemalis and B. brumalis (Fitch). Although 
swarm-spores are usually extremely sensitive to cold, Stras- 
BURGER ('78, p. 613) cites a čase of a marine alga in which 
they were being formed and thrown out when the temperature 
of the water was between —1.5** and —1.8° C. 

Increased resistance to cold seems often the result of the 
action of cold on the organism. Thus, while Schwarz ('84, 
p. 69) found that Euglenae gathered in the summer tirne were 
not responsive below 4- 5** to 4- 6*^ C, Aderhold ('88, p. 320) 
found that Euglenae gathered in the tcinter would respond 
even at 0°. We may say, the winter cold had in some way 
lowered the heat attunement of these Protista. 

In seeking for an explanation of acclimatization to cold we 
should recall that the cause of death from cold is chiefly the freez- 
ing of water in the protoplasm, and the irritation of excessive 
cold. Accustomed to great cold, protoplasm would doubtless 
be no longer irritated by it ; whether under these circumstances 



258 HEAT AND PROTOPLASM [Ch. Vin 

it would contain less water is a question which lacks an experi- 
mental aiiswer. 

The conclusion from the results offered in this section is 
this : protoplasm may become so modified through the action 
of excessive heat or cold that it is no longer killed at the ordi- 
nary fatal temperatures. This result is partly due to the f act 
that it is then not so strongly irritated by these extreme tem- 
peratures, and partly owing to the fact that the coagulation 
and freezing points have been shifted, possibly through loss 
of water. 



§ 5. DeTERMINATION op the DlRECTION OF LOCOMOTION 

BY Heat — Thermotaxis 

Our knowledge of this subject is stili in its infancy and de- 
pends chiefly upon the observations of Stahl ('84), Ver- 
W0RN ('89, pp. 67-68), Graber ('83 and '87), Loeb ('90, p. 43), 
de Wildemann ('94), and Mendelssohn ('95). The first 
two and the last two mentioned have employed Protista, and 
we may consider their work first. 

Stahl's studies were made upon M3rxomycetes. He used 
two beakers, of which one was filled \vith water at 7**; the 
other with water at 30°. These were placed near each other, 
and a strip of filter-paper, on whieh lay the plasmodium of 
jEthalium septicum, was stretched between them. The two 
ends of the strip \vith the corresponding ends of the plasmo- 
dium hung into the two glasses. The result was that the 
plasmodium moved from the eolder water toward the warmer, 
although before the experiment it was moving in the opposite 
direction. Wortmann ('85) added the observation that when 
the warmer temperature rose above 36° a repellent action of 
the \varmer water was discernible. 

Ver\vorn experimented chiefly with Amoeba. The difficulty 
in this operation depended upon the necessity of warming only 
a part of the body of so small an animal. He used a glass plate 
of 5 sq. cm. area, to the upper surface of which was glued a 
piece of black paper, in which had been cut a rectangular open- 
ing, 3 sq. mm. large, and with very sharp edges. This plate 
Avas placed on the stage of the microscope so that the hole lay 



§ 5] THERMOTAXIS 259 

in the rays of the infalling, concentrated light of midsummer, 
reflected from the mirror. Upon the black paper was plaeed 
the cover-glass with the amoeba in a drop of water. The light 
from the mirror was cut off until the amoeba, in its migrations, 
lay half-way over the edge of the orifice. Then concentrated 
light was let through the slit. A small part of the body was 
stili moved across the line of demarcation; then for a moment 
movement ceased and a few seconds after the protoplasm of the 
amoeba began to flow backward8. In from 10 to 30 seconds 
the amoeba was wholly in the dark again. Similarly, when the 
cover-glass was moved so that the amoeba was brought half-way 
over the open orifice it retreated into the dark. Direct measure- 
ment 8howed that the temperature at the illuminated part was 
40*" to 50° C, \vhilst over the black paper it \vas 15° to 20° less. 
That the movement was not due to the light was shovvn first 
by cutting out, by means of ice, the heat rays only. No reac- 
tion occurred. Secondly, by cutting out the light but not tlie 
heat, by passing the light through a solution of iodine in CSj 
so tliat only the ultra-red ray8 (which act like darkness to aH 
organisms) went through; the typical reaction occurred when 
the temperature over the slit was 35°. From ali of these ex- 
periments the conclusion seems justified — Amoeba is positively 
thermotactic towards that temperature. 

Similar results were obtained by Vekworn with the shelled 
Rhizopod Echinopyxis aculeata, and later (see Jensen, 'U3, 
p. 440) with Paramecium. More complete studies on tlie 
latter were, however, made by Mendelssohn, who worked in 
Veuwoun's laboratory. Mendelssohn devised an excellent 
method of 8tudy. A brass plate 20 cm. x G cm. and 4 nun. 
thick is properly supported in a horizontal position, and to its 
under face are affixed, transversely, tubes through whieli hot 
or cold water may be run from a reservoir plaeed at a high 
level. In the middle of the plate a space 10 cm. x 2 cm. and 
2 mm. deep is cut out and into it is litted a glass or ebonite 
trough. Special thermometers \vliose bulbs are coiled in tlie 
plane of the trough, and hence perpendicularlv to tlie steni, 
serve to measure the temperature of the water in the trough at 
any point. By means of \vater running through the transverse 
tubes either end of the trough may be heated or cooled as 
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desired. Starting now with the trough fiUed with infusion 
water, the Paramecia are seen to be uniformly distributed 
(Fig. 71, a). Hot water is run through tubes under the right 
end of the trough. After 10 rainutes the thermometers show 
the temperature of the water at the right end to be 38°, at the 
left end 26°. A t this moment, ali Paramecia are in the left 
third of the trough (Fig. 72, J). If now the hot water be 
passed through the left tube only, the temperature rises at 
that end to 36° or 38°, falling to 27° or 28° at the other, and 
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Fia. 71. — Distribution of Paramecium in a trough of water with variable temperature 

at the ends. (From Mendelssohn, '95.) 



the Paramecia 8wim to the right end. Thus, with reference to 
a temperature of 38°, Paramecia are negatively thermotactic. 

If, now, cold water be passed through the left tube so that 
the temperature of the left end of the trough falls to 10°, 
while the right end is at 25°, the Paramecia migrate to the 
right end. Towards a temperature of 25° Paramecium is thus 
positively thermotactic (Fig. 72, c}. 

Finally, if cold water be passed through the tube at one end 
of the trough and hot water at the other, the organisms will be 
found accumulated in the middle of the trough where the tem- 
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perature ranges from 24° to 28° C. This temperature is thus 
the optimum temperature for Paramecium, the temperature 
towards whieh it tends to move when the extremes are oflfered 
to it. Using another nomenclature, we may say, Paramecium 
is attuned to a temperature of 24° to 28° C.,* and tends to keep 
in the temperature to \vhich it is attuned. 

Similar results ha ve been obtained by.DE Wildemann ('94) 
from EuglensB \vhich were kept in damp sand and in the dark, 
in a horizontal test-tube warmed at one end. Under these 
conditions they migrated towards the temperature of 30° rather 
than that of 15 to 22°. 

Finally, we may consider thermotaxis as it is revealed in the 
higher animals. Loeb ('90, p. 43) enclosed the larvae of the 
bombycid moth Porthesia in an opaque box, one end of which 
was next the sto ve. The animals moved to the warmer end of 
the box. The migration differed, however, from migrations 
with reference to light in that the body was not definitely 
oriented with reference to the source of heat, but the larvae 
tvandered thither. Similarly some ants (Formica sanguinea) 
are thermotactic according to \Vasmann ('91, p. 22); and the 
cockroach (Graber, '87, p. 254) moves towards that tempera- 
ture which is more nearly normal for it. Graber ('83, p. 230) 
has likewise shown that the salamander Triton is similarly 
responsive. Thus some Metazoa as well as Protista are clearly 
thermotactic. 

Looking now for the cause of thermotaxis, we see at the out- 
set that it is necessary to distinguish between two possibilities : 
a movement towards a greater or less intensity of heat, and a 
movement with reference to the direction of the heat rays in 
radiant heat. Now we have seen in earlier chapters, in con- 
sidering the action of gravity, the electric current, and light, 
that these agents determine the direction of locomotion by 
determining the orientation of the axis of the body; and since 
radiant heat passes in lines, it might be possible to have a 
similar effect here. But there is no evidence that radiant 
heat acts here. In the čase of the Myxomyccte, it is clear tliat 

* Adequate control expcriments with dead Paramecia and fine suspended 
particles demonstrated that the movement was not purelj passive ; i.e, due to 
currents in the water. 
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a difiference in the temperature of the two ends is sufficient 
to determine direction of locomotion. In the čase of Para- 
mecium, it is improbable that radiant heat aeted, since this 
passes with difficultj through water. Finally, in the čase of 
the insects enclosed in a box there is evidence of no axis ori- 
entation, and in the čase of Verworn's experiraents with the 
Araoeba the action of direction is clearly shut out. We must 
therefore conclude that direction of locomotion in thermotaxis 
is not usually, if ever, determined by direction of heat rays. 

Since it is not direction of heat rays, it is probably difference 
of intensity of the agent at the two poles of the organism 
which is the determining factor. This is clearly so in the čase 
of the Myxomycete and Amoeba. In the čase of insects also, it 
is clear that one part of the body being appreciably nearer the 
source of heat would be appreciably warmer than the other, 
and this difiference in temperature might serve as an indication 
to the organism of the direction of the source of heat. But 
when we corae to consider Mendelssohn's experiments on 
Paramecium, we pause to think of the organism being so 
sensitive as to be afifected dififerently at the two poles by so 
slight a difiference of intensity as these poles must experience. 
Mendelssohn has found that the least difiference of intensity 
at the ends of his 10 cm. long trough which will call forth a 
thermotactic response is 3° C. The length of a Paramecium 
is about 0.2 to 0.25 mm., which corresponds to a difiference 
of 0.01° C. of temperature at its two poles. * This is the minimal 
temperature-difiference which acts as a stimulus to Paramecium 
and calls forth a thermotactic response. Although this dififer- 
ence is small, we must, with Mendelssohn, in the absence of 
opposing data, consider it the determining factor in thermo- 
taxi8, and conclude that, in general, the thermotactic response 
is a response to dififerences in the intensity of heat to which 
the two poles of the body are subjected. 

Let us now sum up the results of our study of the efifect of 
heat on protoplasm. The rates of the metabolic processes and 
of protoplasmic movements are controUed by temperature, since 
they diminish from the optimum slowly towards the minimum 
and rapidly towards the maximum. At these points movement 
and irritability cease as a result of excessive stimulation, and 
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either the beginning of coagulation (maximuin) or the cessa- 
tion of chemical change (minimum) appears. Finallj, death 
takes plače at the ultramaximum through coagulation of the 
proteids, \vhile it may occur beyond the minimum also, if the 
protoplasm contains much water. The optimum temperature 
is unlike in the different species, and certain individuals even 
may gain a very high or low optimum (lying even beyond the 
normal extremes) through the process of gradual acclimatiza- 
tion. The acclimatization seems to be due to the direct action 
of the varying environment upon the constitution of protoplasm. 
Fmally, many simple organisms (probably aH protoplasm) re- 
spond to heat by a locomotion which is adapted to keep them 
at the temperature to which they are attuned. The movement 
seems to be determined by the difiference in intensity of heat at 
the dififerent parts of the body. This whole chapter reveals 
protoplasm as a substance whose integrity is limited by chemico- 
physical conditions. Within those limits, however, it is highly 
sensitive to changes in temperature, becoming so altered by an 
untoward temperature as not to be injured by it, or migrating, 
if possible, so as to keep in the temperature to which it is 
already attuned. In a word, protoplasm 8hows itself to be a 
highly irritable, automatically adjustable substance. 



NOTES TO TABLE XXI (p. 260) 

1. The Chrodcoccus wa8 found in some of the fronds of Nostocs from Owen*8 
Vallej (see No. 3); but it is not stated whether they were in those Nostocs 
which were derived from the hottest springs. 

I 2. No details are given by Brewer conceming the method of determining 
temperature. *' In these warm mineral water8 low forms of vegetation occur. 
The temperatures were carefully observed in many cases. The highest tem- 
perature notedf in which the plants were growing, was 93^ C. (about 200^ F.). 
But they were most abundant in waters of the temperature 62° to 00° (125° to 
140^ F.). In the hotter springs the plants appeared to be of the simplest kind, 
apparentlyf simple cells of a bright green color ; but they were examined only 
with a pocket lens. In the waterbelow, about 60° to 65^0., filamentous Con« 
fervae fonned considerable masses of a very bright green color.*^ In a letter to 
WT¥A!f, however, Brewer 8ay8, concerning Iho same locality and determina- 
tions: *'The temperatures given here were carefully observed with a standard 
Centigrade thermometer, with a naked elongated bulb/^ and *'at the higher 
temperature [93° C.] they [the vegetable forms] ^ere not abundant and existed 
as graias like Nostoc or Protococcus« intensely green and rather dark.** 
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3. The temperature determinations, like the organisms, came from a Mrs. 
Partz, who is vouched for as reliable. No details concerning the method of 
obtaining temperatures are, however, given. The springs form a basin from 
which flows a creek. **In the basin," 8ays Mre. Partz, "are produced the 
first forms [Nostoc] partly at a temperature of 124° to 135° Fahr. GraduaUy 
iu the creek, and to a distance of 100 yards from the spring, are developed, at a 
temperature of 110^-120° Fahr., the algse," etc. 

4. Not seen by me. 

6. CoHN States : ** Thermometerbeobachtungen zeigten in verschiedener Tem- 
peratur des \Vassers verschiedene, schon durch die Farbe erkennbare Arten ; 
zwischen 43° und 35° R., die hellgriine Leptothrix, zwischen 36° und 25° die 
Oscillarien, Mastichocladen, etc. , gesellt mit Raderthieren, Infusorien und Was- 
seralchen ; in noch abkUhlterem Wasser die farblose Hygrocrocis nivea ; Was- 
ser iiber 44° enth^lt keine lebenden Organismen. Ganz dasselbe fand Agardh 
1827." 

6. No statement as to the method of determining temperature. The meas- 
urements were made in the outlet to a hot spring. In this outlet Hypeothryx 
laminosa flourished at 68° and occurred at even a higher temperature. 

7. This account also leaves something to be desired as to definiteness: 
**Small springs rise at intervals of 10 to 20 feet along a distance of 30 to 40 
rods. Their waters unite and form a little stream that empties into a brook a 
short distance below. ... A dense mass of beautiful green confervae grew 
about the bottom and sides of the channel, and floated in rich waving masses in 
the hot water. In the immediate vicinity of the springs, however, no vegetable 
growth appears. . . . The temperature of the hot stream, below ali the springs, 
wa8 found to be 130°." 

8. Gervais* account is detailed, but the method employed in determining 
temperature is not given. The principal sections of interest are as follow8: 
*^ Nous avons dit que Peau au moment oh elle s^^happe des sources avait donu^ 
4 notre thermom6tre + 95° cent." [It cooks eggs, meat, beans, etc.] *' II est 
inutile de dire qu*on ne trouve en cet endroit aucun animal ne aucun všgčtal 
aquatique vivant. Cependant on voit courir sur les c6nes d^oii jaillit Peau 
bouillante, et en des points od le pied čprouve, m§me k travers la chaussure, un 
sentiment de vive chaleur, de petites Araignčes qui m' on t paru §tre du genre 
Lyco8e, Quelque8-unes s^aventurent m§me et cela sans inconv^nient k travers la 
surface des petits cratčres remplis d^eau chaude que prčsentent les c6nes dont il^ 
8'agit. Dans la substance calcaire čgalement fort chaude d^un de ces c6nes que 
nous percions k coups de pioche pour en faire sortir Peau bouillante par le flanc, 
nous avons trouv6 plusieurs exemplaires vivants d*un petit Colšopt6re de le fa- 
mille des Hydrophiles, VHtjdrobius orbicularis^ qui y avaient fix6 leur demeure. 

** L'eau k +95° qui sort de diffdrents points d*IIaramam-Meskhoutin perd assez 
rapidement cette temperature ^levše. Elle n'a dšj^ plus que 57° dans les vas- 
ques du second tiers de la cascade, dans lesquelles on commence k trouver des 
productions cryptogamiques. Celles-ci sont en partie couvertes d'un enduit 
ferrugineux assez ^pais." 

9. Plants found in samples of water from Taupo, **growing in water the 
temperature of which varied from 105° F. to 131°." Two individuals are given 
as occurring at **temp. 136°"; two at **temp. 116°." 

10. See note 2. 
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11. The reference reads : ** Not only confervas and other Tegetables gTOw in 
and about the hottest springs, but great numbers of little iusects are constantl/ 
sporting about the bottom and sides.** The temperature of the Tarious springs 
nms from 92° to 151° F. 

12. Dana sajs : ** A species of feathery vegetation occors also upon them 
[the stones of the brook], bordering the streamlets where the temperature is 
160° F. f and presenting various shades of green and white.** 

13. Data concerning temperature incomplete. ** Confervas abound in the 
warm stream from the springs, and two species, one ochreous brown, and the 
other green, occur on the margins of the tanks themselves, and in the hottest 
water ; the brown is the best salamander, and forma a belt in deeper water than 
the green ; both appear in luxuriant strata, whereyer the temperature is cooled 
down to 168°, and as low as 90°." 

14. This seems a carefully observed čase. Hot water flowed from the clefta 
of the ročk. **Die flache und schroffe Felswand worauf das heisse Was8er 
rieselnd und tropfend herabfloss war mit 2 fingerdicken hell und dunkelgriinen 
oder auch gelben, r5thlichen und braunen Filzen iiberdeckt. In diese Filze an 
den Spalten eiugesenkt zeigte das Thermometer 65 bis 68^ R., entfemterTon 
der Spalte schnell abnehmend weniger. Die organischen Filze waren so heiss, 
dass sie mit den Fingem nicht fassbar waren.*^ £xamined micro6copicaUy, the 
mass was found to consist partly of dead, parUy of living **£unotia forms** 
oyergrown with Oscillaria. A similar condition was found also ** in der Schlecht 
der Acqua della Kita bei eine Temperatur von 59° R. . . . Ich untersuchte in $err»- 
valle aufgefangenes Wasser von 65° R. Warme, welches ich in ein Glas laufen 
liess, w&hrend ich die felzige Masse drilckte. £s war sehr voli von vielartigen 
lebenden kleinen Thieren. Darunter war 4 Arten munter bewegter Rader- 
thiere, namlich Diglena Catellus, Conurus uncinatus, die Ab&nderung des 
Brachionus Pola mit kleinen Stimzahnen am Schilde, auch Philodina erjfthro- 
pfuhalmaj ausgebildete Eier im Innem fiihrend. Von Polygastern fanden sich 
in frischer Lebensthatigkeit eine noch unbekannte eigenthUmliche, kleine Xas- 
sula, Formen von Enchelys und Amphileptus von weniger sich auszeichender 
Gestaltung. Besonders auffallend war die lebende EunoCia Sancta Antonii der 
Capverdischer Inseln, deren Lebenszustand und Lebensbedingungeu hierdurch 
zum erstenmale bekannt werden." Despite the evident čare taken to obtain 
accurate results, Ehrenberg^s observations have not been confirmed by IIorrE- 
Seyler (75, pp. 119, 120), who examined Ischia, but found no algse living at a 
temperature much above 60°. 

15. The entire reference is this : '* M. Flourens met sous les yeux de T Aca- 
dčmiedes conferves recueillies en Islande par M. De»cloizeaux, qui les a trouv^s 
v^g^tant dans la source thermale de Gr5f, ^ une temperature de 98 degres " [of 
course, C.]. Hooker ('13, p. 160) is often quoted as having obtained vegeta- 
tion in Icelandic hot springs. Unfortunately, he gives no temperature deter- 
minations. He 8ay8 : **Close to the edge of many of the hot springs [vicinity 
of the Great Gey8er], and wiihin a feto inches of the boiling water, in places 
that are, consequently, alway8 exposed to a considerable degree of heat, arising 
both from the watcr itself and the steam, I found Confrrva limosa Dillw. in 
abundance.'' Again, ** In water, also, of a very great degree of heat, were, both 
abundant and lururious, Con/erva flavescens of Roth and a new species allied 
to C, rivularis.^^ 
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16. The temperatures were not taken on the spot. Moselet sajs : ** The 
water from which the Algse were gathered waB in the pools from which the 
Chroococcus was collected as far as I can now [t.e. many months after (?)] judge 
after testing water of successive temperatures with my finger, about 149°- 
168" F. The water of the sulphur-springs, in the area splashed by which the 
Oscillatoria are found, is quite scalding to the hand, and probably between 176^ 
to 194° F." 

17. The reference reads : ** Dans celle [source chaude] de Saint Pierre, dont 
la temperature varie de 33 & 35 degr^, les Phy8a acrUa^ Drap. sont en nombre 
si considčrable qu*elles forment un včritable fond mouvant dans les canaux/* 
These hot water molluscs, as experiment 8howed, were killed at about 43°, 
while Physa from ordinary sources die at once at 35°. They perished after a 
few hours at 5° or 6°. 

18. Merely the note: **0n en [living moUusca] trouve aussi dans des eaux 
thermales : par exemple le turho themialis^ esp^ce de paludine sans doute, vit 
dans celles d^Abano, dont la temperature est de 40° R." 

19. The statement is not critical : ** Their heat [hot springs] is too great 
for the hand to bear ; the highest temperature is about 150°.^' ** In the hot 
water of these springs a green plant vegetated, which seemed to be a species of 
eonferva growing in such situatious : probably the fontenalis. But what is more 
remarkable, a bivalve testaceous animal adhered to the plant, and lived in such 
a high temperature too.^' 

20. See note 5. 

21. ^^ J^ai mesurš plusieurs fois & en diverses saisons, la chaleur de ces eauz, 
& je Pai toujours trouvče & tr68-x>eu pr^s la m§me ; savoir, de 35 degr^ dans 
celle du soufre, & de 36 J ou 36.7 [R. from context] dans celle de St. Paul. 
Malgrč la chaleur de ces eaux, on trouve des animaux vivans dans les bassins 
qui les re^oivent ; j*y ai reconnu des rotifčres, des anguilles & d*autre animaux 
des infusions. J^y ai m§me d^ouvert en 1790, deux nouvelles especes de 
tremelles doučes d^un mouvement spontani." 

22. See note No. 14. 

23. Many individuals collected by R. Blanchakd *^dans les eaux de thermes 
du Hamman-Meskhoutine, pr^s Guelma, dans les premiers jours d^avril ; l'eau 
des thermes, au point de la r^colte, a une temperature de 45° et de 50.5° C. 
Les Cypris formaient ime sorte de zone continue, de couleur chocolat, sur le 
bord de Teau." 

24. Found ** in a hot spring, temi)erature 157° F., attached to the ročk by 
the long end at about an angle of 45° and continually moving. . . . The rocks 
were covered with them." 

25. The note in '*Insect Life'' is abstracted from a longer article by Bbuner 
in the newspaper called the Lincoln (Nebraska) **Evening Call," for April 6, 
1895. The article, through the kindness of Professor H. B. Ward of the Uni- 
versity of Nebraska, I have now before me. The larvae were sent to Professor 
Bruner by John C. IIamm, of Evanston, Wyoming, upon whom this statement 
of the conditions of life of the organisms depends. The larvse were found in a 
cup-shaped depression in the top of a small isolated cone about 20 inches high, 
situated about a few feet from a large sulphur mound or **dune,'' under which 
one could hear the rumbling of boiling water. Through apertures in the bottom 
the almost boiling water came up into the cup and ran over the edge of the pot. 
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The larvsB were actiyely moving. Mr. Hamm writes to Mr. Bbuhbr : ** I did 
not have a thermometer with which to take the temperature, but . . . the water 
was so hot when I 6aw them that I could not hold my hand in it. My besi 
judgment is and was at the tirne that the water was not more th&n twenty or 
thirty degrees [Fahr., of course] below the boiling point." 

26. "A water beetle abounded in water at 112° " [F.]. 

27. Too hot for the hand to bear more than a moment or two. 

28. llie reference is to a discussion of a paper by Bbht. ** M. Paul Bbbt a 
Yu des barbellons dans de Peau & 34° C.*' 

20. ^^ Mon ami Mr. Coccui/' 8ays Spallanzani, '* raconte que les Grenoailles 
ne souffrent point dans les bains de Piše, qaoiqu*elle8 soient ezi>06Šes k une 
chaleur indiquče par le 111° du Therraometre de Fahbbnhbit qai comspond aa 
37^ du Thermometre de RIsaumur [! sic]." 
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CHAPTER IX 

GENERAL CONSIDERATIONS ON THE EFFECTS OF CHEM- 
ICAL AND PHVSICAL AGENTS UPON PROTOPLASM 

In the present chapter it is proposed to consider certain 
general matters upon which the facts given in this First Part 
throw light : namely, (I) the structure and composition of 
protoplasm ; (II) the liraiting conditions of raetabolism ; 
(III) the dependence of protoplasmic movement upon metabo- 
lism and external stimuli ; and (IV) the determination of the 
direction of locomotion. 

§ 1. CONCLUSIONS ON THE StRUCTURE AND COMPOSITION 

OP Pbotoplasm 

The question of the structure of protoplasm is preeminently 
a histological one. Microscopical study must eventuallj be re- 
lied upon to settle it. However, the results of experimental work 
seera to favor, as we have alreadjr pointed out (p. 70), Butschli's 
view of a honeycomb, or foam structure, of protoplasm. 

The problem of the constitution of protoplasm is, on the other 
hand, preeminently a chemical one, and it must be solved by 
experimental methods. Our results can lead us to certain 
qualitative statements on this matter. 

The chemical composition of protoplasm is immensely com- 
plex. Just as the geologist is forced by the facts to assume a 
vast, but not infinite, time for earth building, so the biologist 
has to recognize an almost unlimited complexity in the consti- 
tution of protoplasm. 

The evidence^that protoplasm is so complex is gained partly 

from the results of micro-chemistry. Many staining fluids act 

upon only a small part of the protoplasm of a single celi, so 

that a mixture of stains may be used, each component of which 
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attacks a different constituent of the protoplasm. In this way 
the dissimilar substances in protoplasm are made strikingly 
apparent. Not only does the protoplasm of one celi sliow this 
differentiation, but that of different cells of the body stains very 
diversely. Another line of evidence for the complexity of pro- 
toplasm is gained f rom the study of the effect of poisons. We 
have seen that the same poisonons substance acts very diflerently 
upon allied species of organisms (e^g- of bacteria) and upon the 
various organs of the body, — a fact which in raany cases can 
only be accounted for on the ground of dissimilar composition. 
Again, most protoplasm must contain substances which are 
acted • upon specifically by the different agents ; for instance, 
certain highly explosive compounds which are set oflf by contact, 
certain others which are disturbed by light, and stili others 
which are especially changed by heat. Each compound, again, 
must form an inconsiderable part of the whole, for (if the 
action be not too intense or prolonged) the '' stimul us" of the 
agent results in no disturbance of the activities in general. 
Likewise, the facts of acclimatization, according to which, ap- 
parently, certain substances in the protoplasm may be destroyed 
without other important change in activities, give additional 
insight into protoplasmic complexity. Finally, the same agent 
acts in varying degree on closely related protoplasm, and this 
indicates that, even when the general composition is the same, 
the proportions of the different substances vary. From the 
facts of protoplasmic staining and of the varied effects of poi- 
sons, from the diverse effects of other stimulating agents, and 
from the facts of acclimatization of organisms, we conclude 
that in dealing with protoplasm we are not always dealing \vith 
the same thing, but, on the contrary, with very diverse combi- 
nations, which have this in common, that they exhibit life. 

§ 2. The Limiting Conditions of Metabolism 

iletabolism is life. To know the limits within which it can 
occur is to know the vital limits. It is impossible to detine 
these limits closelv, however, for, at either extreme, metabolism 
graduates insensil)ly into inaction. It will be nece8sary, conse- 
quently, to plače our limits very far out. 
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The limiting conditious at which inaction occurs are of two 
sorts. These may be termed respectivelj structural and dynami- 
cal. These two sorts of limiting conditions raay be illustrated 
by comparing the protoplasmic mass to a factory, with many 
boilers and engines, much shafting and belting, and countless 
machines doing the most varied work. The amount of energy 
developed in the boilers and the efBciency of the engines and 
machines varies with certain conditions, such as the amount of 
heat applied to the former, and the friction and waste in the 
latter. The limiting mechanical conditions are reached when 
the boiler is rent by the steam pressure, a break-down is caused 
by friction, or a part rusts through and crumbles away. The 
limiting dynamical conditions are reached when the heat no 
longer suffices to form steam in the boiler, or the power is 
insufficient to run the machines. In either čase, at the structu- 
ral, or at the dynamical limit, work ceases. It may be the 
work of a small part of the factory, so that the cessation is 
hardly noticed ; or it may involve ali the machines, producing 
complete cessation of activity. 

To return to the protoplasm : the structural limiting condi- 
tions are of two main sorts, — mechanical and chemical. The 
mechanical limiting conditions are those in which the gross 
structure becomes broken down, while the chemical limiting 
conditions are those in which the composition becomes changed. 
To the mechanical group belongs the breaking down of the 
plasma films, either by drawing out the water of the protoplasm 
(by osmosis or by drying) or by the expansion due to the 
freezing of the chylema. To the chemical group belong, for 
example, the reactions upon protoplasm of the halogen salts 
of the heavy metals, and of complex nitrogenous organic com- 
pounds in whose molecules hvdrogen is unstably joined to 
nitrogen, also the coagiilation of the plasma by high tempera- 
tures and the destruction of molecules l)y contact, by the 
electric current, or by light. The dynamical limiting condi- 
tions, on the other hand, are the absence of oxygen or other 
food-stuflfs, the absence of the water necessary to the solution 
and circulation of the .food, absence of light, in the čase of 
chlorophyllaceous organisms, and a temperature much below 
0° C. Thus, the conditions essential to metabolism are the 
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absence of causes mechanicallj rupturing the machine, the 
absence of agents of such intense activitj as to change pro- 
foundlj its molecular constitution, and the presence of those 
agents — food, heat, light, and water — which supplj or dis- 
tribute the energy of metabolism. 

Given protoplasra under these conditions, and normal me- 
tabolism must occur; without them, there is no metabolism. 
Vary the dynamical conditions quantitatively, and a quantita- 
tive variation in metabolism will ensue. Approach a struct- 
ural limiting condition, and metabolism begins to eease. 
This conclusion, important for experimental morphology, is 
no\v reached : A vital phenomenon occurring in a given proto- 
plasmic mass can be reproduced only tvhen the dynamical condi- 
tions are reproduced^ and the structural limiting conditions are 
in no ivise closelg approached. 

§ 3. The Dependence of Protoplasmic MovE>rEKT 
UPON Metabolism and upox External STnirLi 

I do not propose to enter the debated ground of the cause 
of protoplasmic motion; but shall merely summarize the re- 
sults of our studies on this subject. First, protoplasmic 
movement is closely related to metabolism and is probably 
dependent upon it. This is indicated by the fact that ces- 
sation of movement al\vays occurs before the vital limit is 
reached. Rigor ahvavs precedes death. A second series of 
facts indicating the same thing is found in the eloseness 
Avith which the optimum for metabolism agrees with the 
optimum for movement. Thus at about 35° C. both the 
metabolic processes and the movements of protoplasm lind 
their optimum. These two results, then, that movement is 
impossible in dead protoplasm even when its structure is 
8eemingly unaltered, and the close approximation of the 
optimum points for metabolism and for movement, are the 
best justification for the belief that movement is dependent 
upon metabolism. 

Hut are the conditions essential to metabolism the onlv con- 
ditions necessary for movement? In other words, will move- 
ment always accompany metabolism, or are external stimuli 
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essential to its production? There is in biologj no question 
more important than this, and the an8wer is not so certain as 
it ought to be. . The fact that rigor oceurs at a point at which 
recovery of movement is stili possible is not sufficient evidence 
that metabolism has not ceased with the motion ; for I think it 
has not been shown that with rigor " latent lif e " does not come 
in. On the other hand, the fact that some bacteria are motion- 
less in the absence of light (which can hardly be essential to 
metabolism) wonld seem to indicate that conditions other than 
those of metabolism are necessary to movement. This single 
fact cannot, however, lead us to a definite answer, and our 
inquiry, whether or not "stimuli" are essential to protoplasmic 
movement, must stili be regarded as unanswered. 

§ 4. The Determination of the Direction of 

locomotion 

As we watch an animalcule swimming across the field of view, 
or as we see a larger organism moving, perhaps in a broken 
line, towards any point, we think of its raovements as controUed 
from inside. Tet it is clear that if an organism is moving 
definitely towards a point, it must be on account of some influ- 
ence emanating from that point and falling upon the organism. 
Without external directive influences of some sort there can be 
no directed movements. 

This conclusion is confirmed by experiment. I have put an 
amoeba into the apparatus already described (p. 186), so that 
the chemical conditions of its environment were uniform ; con- 
tact and temperature were also similar on aH sides ; the direc- 
tive action of gravity wa8 annulled and aH light was cut off. 
At intervals the position of the amoeba was platted by the aid 
of light reflected momentarily from below the stage of the 
microscope and by means of a camera. Thus the path of the 
am(Kba was traced. A typical tracing made in this way is 
reproduced in Fig. 72. Compare the devious path made under 
these conditions with the straight path taken in response to 
light (Fig. 53). The curious spiral twists and the turning of 
the line upon itself are characteristic of ali the tracings which 
I have made under these conditions. Important also is the 
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fact that whereas the amoeba responding to light is constantljr 
elongated in the direction of the infalling ray, the amoeba 
which is not stimulated from one direction exhibits, most of 
the time, a stellate appearance. The wandering of the undi- 
reeted organism is illustrated again in the experiment of 
Pouchet on the larvae of Musca (Lucilia) esesar, kept in the 
dark (Fig. 73 ; compare Fig. 74, where the same larvae are 
migrating under the directive influence of light). 

From these experiments we make the deduetion that external 
agents play a role of the utmost importance for morphologj, — 
of the utmost importance because by them alone is determined 
the direction of migration of the motile cells or the migrating 




Fig. 74.— Tracing made like that of Fig. 73 by fly larv'», wheii the light fallB upon 
them in the direction of the arrow. A^ the first direction of the light; B, the 
second direction. To be compared wlth the undirected movements of Fig. 73. 
(From PoucHKT, '72.) 

protoplasm of whatever sort in the organism. The sense of 
that migration depends in part upon tlie internal condition of 
the protoplasm. The mcchanism by which locomotion is effected 
— that is wholly internal. The mechanism and the energy 
necessary to make it go are alone impotent to determine any 
adaptive movement or any other predictable result. To mech- 
anism and energy must be added a stimulus external to tlio 
responding protoplasm in order that an adaptive or orderly 
result should occur.* 



* There are several other important matters upon which the results of this 
First Part throw light, such as the Mechanics of Response and the Origin of 
Adaptation in Response. Since additional facts for the discussion of these 
topics will be gained from the succeedini: Parts, tliat discussion will be deferred. 
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general universiiy students some account ot recent advances in cellular biologv, and more espccially 
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The present edition is more than Iargely revised. Much of it is re-written, and it is brought 
<iuite abreast with the latest wave of progress of ph^rsiolosical scieoce. A chief merit of this work is 
its judictal temper, a strict sifting of fact from nction, tne discouragement of condusions based on 
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beginning it was reearded as a masterpiece, and at oncc took a prominent plače amonjc: text-books of 
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work is therefore a most admirablc guide to physiological progress as weU as general physiological 
knowledge.'* — The Nation. 
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